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PREFACE 


Hosted  by  Sandia  National  l^aboratories  and  the  Air  Force  Weapons  Laboratory',  the  59th  Shock  and  V'ibration 
Symposium  i»  a  continuation  of  the  series  of  symposia  sponsored  by  the  former  Shock  and  V  ibration  Information 
Center  (SVIC).  As  was  true  of  the  58th  Symposium  in  1987,  this  conference  was  organized  in  response  to  the 
continuing  needs  of  the  shock  and  vibration  technical  community.  Because  these  symposia  provide  the  onlv  annual 
forum  for  the  interchange  of  certain  defense-  and  space-related  information,  thev  are  expected  to  continue  on  an 
annual  basis  while  a  permanent  solution  for  the  sharing  of  such  information  is  being  sought 

The  response  to  the  Call-for-Papers  for  the  59th  Symposium  was  very  gratifying;  a  large  percentage  of  the  more 
than  130  papers  proposed  were  accepted.  The  final  program  included  an  Opening  Session  and  l':rcc  Plenary  Ses¬ 
sions  as  well  as  14  unclassified  and  four  controUed-access  technical  sessions.  Responsibility  for  preparation  and 
distribution  of  the  Proceedings  for  th<“  S^^th  Shock  and  Vibration  Symposium  has  been  shared  bv  Sandia  National 
I,aboratories  and  the  Air  Force  Weapons  Laboratory  (AFWL).  All  technical  papers  for  pubbe  release  have  been 
published  by  Sandia  in  four  volumes.  Volumes  I,  II,  and  III  are  to  be  distributed  to  registrants  at  the  Symposium; 
V  olume  IV  is  to  be  mailed  to  qualified  individuals  after  the  Symposium.  All  technical  papers  requiring  controlled 
access  are  to  be  pubbshed  by  AFWL  and  mailed  to  quaUfied  recipients  as  soon  as  possible  foUowing  tbe  Sympo¬ 
sium.  Outstanding  support  from  representatives  from  Sandia  and  AFWL  and  the  enthusiastic  cooperation  of 
authors  and  speakers  have  helped  greatly  in  attaining  these  goals. 

The  reader  will  note  that  each  volume  of  the  Proceedings  contains  a  Table  of  Contents  for  all  four  volumes;  how¬ 
ever,  the  contents  of  Volume  IV  as  of  this  writing  are  subject  to  change.  The  contents  of  the  bmited  access  Proceed¬ 
ings  pubbshed  by  AFWL  will  be  arranged  in  a  similar  way.  Any  questions  relating  to  post-symposium  availability 
may  be  addicssed  to  me  or  to  an  appropnate  Host  Representative.  It  is  anticipated  that  the  unlimited  Proceed¬ 
ings  will  be  available  from  the  National  Technical  Information  Service  and  that  the  controUed-access  Proceedings 
will  be  available  from  the  Defense  Technical  Information  Center. 

Any  success  that  the  59th  Symposium  may  enjoy  is  the  result  of  a  team  effort,  and  certain  members  of  that  team 
deserve  special  recognition.  Host  Representatives  Dave  Smallwood  and  Rod  Galloway  are  to  be  applauded  for  pro¬ 
viding  the  outstanding  support  that  made  the  Symposium  possible.  The  Interagency  Program  Committee  is  to  be 
congiutulated  for  a  superb  technical  program.  In  addition,  the  Vibration  Institute  deserves  credit  for  their  work 
on  producing  the  Proceedings.  And  my  wife  SalUe  deserves  very  special  thanks  for  keeping  track  of  endless  details 
and  managing  the  registration.  Finally,  I  offer  my  sincere  personal  thanks  to  all  authors  and  sjjeakers  for  their 
cooperation  in  meeting  the  necessary  deadUnes. 

Henry  C.  Pusey 
Symposium  Manager 
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Sandia  National  Laboratories  maintains  an  extensive  development 
test  capability  including,  but  not  limited  to,  explosive,  climatic, 
electromagnetic,  thermal,  mechanical  shock,  vibration,  and  static 
environments.  These  facilities  are  briefly  described. 


BACKGROt’ND 

Sandia  National  Laboratories  uas  established  in  1945  and  operated  by  the  University  of 
California  until  1949,  when  President  Truman  Asked  AT&T  to  assume  the  operation  as  an 
"opportunitv  to  perform  an  exceptional  service  in  the  National  Interest."  Today  .AT&T 
Technologies,  Inc.  continues  to  operate  Sandia  for  the  Department  of  Energy  on  a  no-profit, 
no-fee  basis.  The  Labs'  responsibility  is  national  security  programs  in  defense  and  energy, 
with  primarv  emphasis  on  nuclear  weapon  research  and  development.  Sandia  also  does  a 
limited  amount  of  work  for  the  Department  of  Defense  and  other  federal  agencies  on  a  non¬ 
interference  basis. 

Sandia  National  Laboratories  is  one  of  the  nation’s  largest  research  and  development 
engineering  facilities.  .About  7200  persons  are  employed  in  Albuquerque,  about  1100  in 
Livermore  C.A,  and  about  100  at  the  Tonopah  Test  Range,  the  Nevada  Test  Site,  Kauai  Test 
Facility,  and  elsewhere. 

About  60  percent  of  Sandia's  research  and  development  effort  involves  the  weaponization  of 
nuclear  explosives  for  national  defense;  the  remainder  involves  energy  programs  and  advanced 
military  technologies.  About  30  percent  of  Sandia's  operating  budget  is  from  federal  agency 
reimbursables.  Sandia  does  not  manufacture  or  assemble  weapons,  this  work  is  performed  by 
other  contractors.  After  the  weapons  reach  stockpile,  Sandia  quality  assurance  evaluators 
periodically  obtain  representative  samples  and  test  them  in  laboratory  and  field  exercises  to 
ensure  that  they  continue  to  operate  safely  and  reliably. 

Sandia  operates  a  broad  range  of  facilities,  many  of  them  unique.  They  are  used  for  a  wide 
variety  of  projects,  ranging  from  basic  materials  research,  to  the  design  of  specialized 
parachutes.  Development  testing  is  an  integral  part  of  our  activities  and  the  facilities  include 
state-of-the-art  equipment  for  environmental  testing,  radiation  research,  combustion  research, 
and  computing. 


DEVELOPMENT  TESTING 

Sandia  National  Laboratories  has  an  exceptional  range  of  testing  facilities  that  in  many 
instances  have  been  designed  and  built  here  and  are  not  readily  available  anywhere  else, 
especially  in  one  easily  accessible  location.  Although  designed  and  built  for  the  Department  of 
Energy,  these  facilities  give  Sandia  a  unique  capability  to  assist  government  agencies  and  their 
contractors  who  have  development  testing  projects  requiring  state-of-the-art  skills  and 
facilities.  Ihrough  special  arrangements,  Sandia  can  make  its  facilities  available  for  such 
projects.  Some  of  these  facilities  are  briefly  described  below.  Many  of  Sandia's  test  facilities 
are  located  in  remote  locations  to  facilitate  the  testing  of  items  with  explosives  or  other 
hazardous  materials. 


Aerial  Cal)lc  f'acilit\:  Steel  cables  stretched  hetueen  mountain  peaks  are  used  to  free-drop 
payloads  as  hea\\  as  eOOO  lb  frum  heights  ot  hOO  ft.  Impact  selocities  ot  up  to  100  It  s  can 
be  achieved  in  free  fall;  lOGG  :i  s  using  :i  rocket  puil  down  technitjue. 

Centrifuges;  Centrifuges  range  tiom  spinners  capable  ot  spiniimg  a  aaO  kg  test  item  up  to. 

40, ('00  itrm,  a  high-onset  centrifoge  with  a  H'"  radius  which  can  reach  2000  g  m  I  4  seconci.  a 
35  ft  radius  outdoor  centrifuge,  to  a  29  ft  radius  below -ground  centrifuge  with  a  capacity  of 
!  .6  million  g-lb. 

Climatic  Test  Facilities:  Sandia  maintains  a  large  number  of  chambers  and  ovens  for 
simulating  a  wide  range  of  environmental  cunditions.  Fxprtsures  are  made  to  combinations  ot 
tempc-ature,  thermal  shock,  humidity,  and  altitude,  as  well  as  salt-fog  and  rain.  Items  as  large 
as  8  ft  in  diameter  and  30  feet  long  can  be  accommodated. 

Electromagnetic  Environments  Simulator.  Ihis  facility  is  capable  ot  producing  continuous 
wave  electric  fields  over  the  frequency  range  of  4  Mffz  to  10  GHz  and  fields  ot  100.000  \’  m. 

Explosive  Testing:  Explosive  testing  takes  many  forms  at  Sandia  including  blast  testing  using 
shock  tubes  and  explosively  driven  flyer  plates.  Shock  tubes  up  to  19  ft  in  diameter  are 
available.  Flyer  plates  have  achieved  velocities  up  to  14,  000  ft  s. 

Field  Testing;  Two  field  ranges  are  used  by  Sandia;  the  donopah  Test  Range  in  central 
Nevada  is  used  for  flight  and  trajectory  studies,  and  high  altitude  rocket  and  reentry  body 
studies,  and  the  Kauai  Test  Facility  in  Flawaii  has  a  rocket  launching  capability  for  high- 
aititude  scientific  research  and  reentry  vehicle  .studies.  In  addition  field  tests  operations  are 
conducted  world  wide  supported  by  a  substantial  inventory  of  test  equipment. 

Fuel  Fire  Facility;  The  Aircraft  Fuel  Fire  Simulation  Facility,  designed  and  built  by  Sandia, 
represents  a  major  advance  in  fire  testing  with  jet  fuel. 

Horizontal  Actuator;  The  facility  consists  of  an  18  in.  pneumatic  actuator  with  a  92  ft  track. 
The  actuator  can  directly  generate  700,000  lb  of  force.  Larger  forces  and  a  variety  of  pulse 
shapes  can  be  generated  using  multiple  sleds. 

Large-Scale  Melt  Facility:  The  melt  facility  helps  engineers  understand  and  predict  events 
during  a  reactor-core  meltdown.  During  full  scale  testing,  temperatures  above  3000  K  are 
produced. 

Laser  Tracker;  Sandia's  laser  tracker  with  a  three-radians-per-second  slew  rate  is  unique 
among  tracking  instruments  and  is  ideally  suited  for  measuring  trajectories  of  high 
pCi  forrr.cnce  rocket  systems  or  other  high  velocity  projectiles. 

Light- Initiated  High  Explosive  (LIHE)  Facility:  This  facility  developed  at  Sandia  permits  the 
remote  spraying  of  explosives  onto  complex  surface  shapes  and  detonating  the  explosives  with 
a  flash  of  light.  Impulse  levels  from  10  to  more  than  10.000  taps  can  be  achieved. 

Lightning  .Simulator;  The  lightning  simulato-  duplicates  the  characteristics  of  severe  natural 
lightning  currents  in  a  controlled  laboratory  environment.  The  facility  can  produce  up  to  4 
strokes  per  flash  with  currents  rising  to  a  peak  of  200,000  amps. 

Modal  Testing:  Sandia  conducts  state-of-the-art  modal  tests  on  items  ranging  irom 
components  weighing  a  few  ounces  to  100  m  tall  vertical  axis  wind  turbines.  Tests  are  run  in 
both  the  laboratory  and  at  field  locations. 

Nondestructive  Testing;  NDT  methods  used  at  S;india  include  x  -  radiograph,  ultrasemics, 
computer  aided  radiography  and  ultrasonics,  radiograjihic  image  analysis,  laser  interl erometry, 
and  others. 


Photometries:  I  he  equipment  encompasses  slow-  to  ultra-high-speed  camera  and  video 
systems,  most  of  which  can  be  mounted  on  unique  tracking  platforms.  Radiometric  equipment 
cosers  tlie  untrav  iolet  through  the  near  infared  spectrum. 

Radiant  Heat  Facility:  Sandia's  Radiant  Heat  Facility  presides  laboratory  simulation  of  high 
temperature  ensironments  and  acquires  and  records  the  responses  of  test  items  to  these 
environments.  I  p  to  5  MW  of  power  can  be  used  to  simulate  a  wide  variety  of  heat  sources 
including  solar,  reentry  heating,  and  fires. 

Rocket  Sled  Facility:  Sandia  has  two  rocket  sleds;  a  10,000  ft  narrow  gage  track  for  high- 
velocity  requirements,  and  a  shorter  standard  railroad  gage  track  used  to  simulate 
tr.insport.ition  and  other  relative  low  velocity  (up  to  about  300  mph)  accidents. 

Shock  Testing:  In  addition  to  the  facilities  described  elsewhere  for  conducting  mechanical 
shock  tests,  Sandia  has  several  conventional  shock  machines,  air  guns,  and  actuators.  Sandia 
pioneered  developments  in  reverse  Hopkinson  bar  testing,  pyrotechnic  shock  simulation,  and 
water  entry  simulations. 

Structural  Testing:  Sandia  has  static  test  frames  capable  of  testing  items  up  to  200  in  long 
with  loads  up  to  500,000  lb.  Several  Universal  Test  Machines  are  available  for  conducting 
tests  from  a  few  ounces  to  600,000  lb.  Pressure  vessels  aie  available  for  conducting  pressure 
tests  of  items  up  to  40  inches  in  diameter  and  10  ft  long.  Items  18  inches  in  diameter  and  15 
ft  long  can  be  tested  to  16,000  psi.  These  facilities  are  equipped  with  e,xtensive 
instrumentation  for  measuring  strain,  displacement,  load,  pressure,  and  other  quantities. 

N  ibration  Testing:  Sandia  conducts  vibration  tests  on  components,  subsystems,  and  entire 
systems  using  a  number  of  modern  shakers  systems  with  state-of-the-art  digital  control 
systems.  .Available  shakers  range  from  1  lb  force  to  40,000  lbs.  Sandia  has  been  a  leader  in 
implementing  digital  controls  for  shock,  sine,  random,  and  multiple  input  random  testing. 

Water  Impact  Facility:  Sandia  maintains  a  50  ft  deep  pond  used  in  conjunction  with  a  300  ft 
drop  tower  and  air  powered  guns  to  provide  testing  for  water-entry  and  water  impact  studies. 

CONCLUSIONS 

As  the  above  list  illustrates,  Sandia  maintains  an  extensive  development  testing  capability.  The 
combination  of  unique  environmental  requirements,  low  production  numbers,  high  reliability 
and  safety  requirements,  and  the  difficulty  of  full  scale  tests  requires  Sandia  to  continually 
strive  to  provide  the  most  realistic  simulations  possible.  This  effort  has  resulted  in  a  unique 
national  asset  which  can  be  made  available  to  qualified  users.  Further  information  about  the 
capability  or  availability  of  any  of  these  facilities  can  be  acquired  by  contacting  Sandia 
.National  l  aboratu.  ics,  De.elopmer.t  Testing  Directorate,  Albuqueroue.  New  Mexico  (505)  844- 
8007. 
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ABSTRACT 

The  origins  of  vibration  analysis  are  traced  through  the 
achievements  of  pioneers  such  as  Galileo,  Mariotte,  Newton, 
and  Leibnitz,  and  of  developers  like  the  Bernoullis,  Euler, 
d'Alembert,  and  Lagrange.  Necessary  conditions  for  the 
development  of  the  single  degree  theory  are  deduced,  and 
some  possible  originators  of  the  formula  and  theory  are 
proposed . 


INTRODUCTION 


Mystery  surrounds  the  origin  of  the  formula  w  =  '\/ K/M  which  is  commonly  used  to 
calculate  frequency  of  vibration  of  a  single  degree  system^.  The  name  of  the  person 
who  first  recognized  the  significance  of  this  formula  is  not  known,  nor  is  that  of 
the  originator  of  the  familiar  theory  for  vibrations  of  a  single  degree  system.  The 
formula  and  its  related  theory  are  fundamental  aspects  of  all  modern  vibration 
textbooks,  and  both  are  in  daily  use  by  vibration  engineers.  The  fact  that  so 
little  is  known  about  the  origins  of  both  is  an  intriguing  blank  in  the  history  of 
engineering.  This  paper  outlines  some  of  the  research  conducted  by  the  author  in 
his  quest  for  the  origin  of  the  formula  and  its  theory. 

The  development  of  vibration  knowledge  may  be  classified  into  four  phases.  In 
the  first  phase  (1564-1727)  fundamental  knowledge  was  developed  on  mechanics,  on  the 
concepts  of  dynamics,  on  the  differential  and  integral  calculus;  and  the  theory  of 
differential  equations  was  begun.  In  the  second  phase  (1687-1787)  the  structure  of 
modern  mathematics  was  established  and  greatly  developed  by  scientists  who  were  also 
intrigued  by  problems  of  oscillation  of  strings.  The  third  phase  (1787-1850)  saw 
the  development  of  general  theories  of  elasticity  and  of  vibration  theory,  with 
supporting  experiments.  The  fourth  phase  (1872-1934)  includes  the  work  of  scholars 
of  vibration,  and  their  development  of  analysis  methodologies  from  the  vibration 
knowledge  which  had  evolved  over  three  centuries. 

GENIUS  AWAKENING  (1564-1727) 

Galileo  GALILEI  (1564-1642)  was  born  in  Pisa  where  his  father  was  an  estab¬ 
lished  musician  and  composer.  At  nineteen  he  enrolled  at  the  University  of  Pisa  to 
study  medicine.  Under  the  guidance  of  the  mathematician  Ricci,  he  studied  geometry 
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(I)  is  circular  frequency  of  vibration,  K  is  stiffness,  and  M  is  mass. 


and  natural  phenomena,  and  in  1584  he  considered  the  regularity  with  which  a 
pendulum  oscillates.  As  the  story  goes,  these  studies  began  with  his  observations 
of  the  great  lamp  of  Pisa  Cathedral,  swinging  in  a  cross-breeze.  Galileo's  later 
writings  show  that  he  understood  the  laws  of  the  pendulum.  He  was  also  the  first  to 
propose  that  the  pendulum  could  h.-  used  as  a  L-sis  for  precise  timekeeping. 
According  to  a  plaque  at  the  entrance  to  the  Leaning  Tower  in  Pisa,  his  initial 
studies  of  falling  objects  were  made  from  the  Tower  in  1586. 

Instead  of  pursuing  medical  studies,  Galileo  moved  to  Florence  where  he  studied 
mathematics  and  mechanics.  In  Florence  he  wrote  on  hydrostatics  and  on  the  center 
of  mass  of  solids,  and  invented  the  hydraulic  balance.  Based  on  the  merit  of  these 
writings,  he  was  appointed  Professor  of  Mathematics  at  the  University  of  Pisa  in 
1589,  and  in  1592  he  moved  to  the  University  of  Padova  to  teach  geometry  and 
astronomy.  In  Padova  he  conducted  his  famous  studies  of  uniformly  accelerated 
motion,  around  1594. 

Galileo  had  heard  of  the  invention  of  the  telescope  -in  1609,  and  was  quick  to 
advocate  its  military  importance  in  a  letter  to  the  Doge  of  Venice  (1609).  In  1609 
he  built  his  first  telescope,  and  with  it  he  became  the  first  person  to  study  the 
motions  of  celestial  bodies.  His  firm  belief  in  the  Copernican  model  of  the  solar 
system,  led  him  to  write  a  book  on  his  astronomical  researches,  'Sidereus  Nuncius,' 
containing  drawings  of  Jupiter's  moons.  He  was  summoned  to  Rome  in  1616  and  again 
in  1633,  where  he  was  forced  to  recant  his  teachings.  During  the  last  eight  years 
of  his  life  Galileo  prepared  his  greatest  work  'Discourses  and  Mathematical 
Demonstrations  Concerning  Two  New  Sciences,'  which  contains  most  of  his  discoveries, 
including  the  pendulum  laws.  He  recognized  that**  the  period  of  oscillation  was 
proportional  to  the  square  root  of  the  length,  but  does  not  appear  to  have  known 
explicitly  of  the  mathematical  formula.  That  discovery  was  made  by  Huygens,  who 
published  it  in  1673. 

Abbe  Marin  MERSENNE  (1588-1648)  was  a  French  mathematician  and  theologian,  and 
a  close  friend  of  Rend  Descartes  (1596-1650).  In  his  mature  years  he  wrote  several 
books  on  mathematics  and  natural  philosophy,  such  as  'La  Veritd  dans  les  Sciences' 
(1625).  On  music  and  musical  instruments  he  wrote  'Harmonic  Universelle'  (1637). 
Mersenne  stated  his  laws  of  vibrating  strings  in  his  book  'Harmonicorum  Liber' 
(1636),  and  made  the  first  direct  determination  of  the  frequency  of  vibration  of  a 
musical  sound.  He  also  worked  on  the  geometric  relations  which  describe  cycloidal 
curve  s . 

Fr,  Edme  MARIOTTE  (1620-1681)  was  a  Prior  of  St.  Mart in-sous-Beanne  in  Dijon, 
France.  Mariotte  in  1664  was  the  independent  co-discoverer  of  the  gas  law  PV  = 
Constant,  which  was  first  presented  by  Robert  Boyle  in  England  in  1662.  During  the 
construction  of  the  Palace  of  Versailles  by  Louis  XIV  Mariotte  was  in  charge  of  the 
design  of  the  extensive  water  supply  system  for  the  gardens  and  fountains.  The 
elevation  of  water  to  a  great  height  required  the  development  of  a  suitable  pressure 
vessel,  the  strength  of  which  Mariotte  developed  by  proof-testing.  He  measured  the 
growth  in  vessel  circumference  under  pressure,  and  found  that  a  proportional 
relationship  exists  between  circumferential  growth  and  pressure  head,  i.e.,  between 
force  F  and  displacement  K,  F  =  K6 ,  where  K  is  the  stiffness  of  the  body.  This 
discovery  and  its  publication  (1678)  were  made  independently  of  Hooke's  discovery  of 
the  f o r c e -d  i  sp 1 ac ement  law  (1660)  and  its  statement  (1676).  This  proportional 
relationship  is  of  course  ind i spens ib  1  e  to  the  expression  w  =  K/M .  The  Hooke- 
Mariotte  discovery  therefore  provides  an  earliest  possible  date  (1676)  for  the 
frequency  relationship. 
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In  1673,  Mariotte  snegested  to  Leibnitz,  his  pupil,  that  Leibnitz  should  solve 
a  problem  involving  the  vibrations  of  a  compound  pendulum.  A  picture  of  this 
pendulum  is  shown  in  figure  1.  The  challenge  was  for  Leibnitz  to  determine  the 
period  of  oscillation  of  the  pendulum.  Leibnitz  claimed  to  have  found  the  solution, 
but  did  not  supply  it  in  his  reply  to  Mariotte. 

Christiaan  HUYGENS  (1629-1695)  knew  of  the  correspondence  between  his  father 
and  Galileo  while  Galileo  was  spending  his  final  years  in  Arcetri  and  studying 
problems  of  precise  navigation.  Later,  with  his  own  (much  improved)  telescopes 
Huygens  observed  and  solved  the  riddle  of  Saturn's  rings,  which  had  puzzled  Galileo 
forty  years  before.  Huygens  went  to  Paris  in  1655  where  he  studied  under  Pascal  and 
knew  of  Mariotte.  Huygens  invented  the  isochronous  or  cycloidal  pendulum,  and  with 
it  he  developed  a  clock  movement  which  kept  accurate  time.  He  made  many  contri¬ 
butions  including  the  center  of  oscillation,  the  postulation  of  centrifugal  force, 
and  Huygens'  principle.  His  portrait  is  shown  in  figure  2. 

Isaac  NEWTON  (1642-1727)  in  1665,  at  twenty-three  years  of  age,  formulated 
ideas  on  universal  gravitation  and  the  calculus.  His  great  work  'Principia 
Mathematica  de  Philosophic  Naturailis'  which  contains  the  statement  of  the  laws  of 
motion  was  published  by  the  Royal  Society  of  London  in  1687.  Figure  3  shows  Newton 
at  about  sixty  years  of  age.  The  title  page  of  the  'Principia'  is  shown  in  figure 
4,  and  the  page  with  the  first  two  laws  of  motion  is  shown  in  figure  5.  This 
epochal  work  is  written  in  three  parts,  and  the  style  is  similar  to  that  of  Greek 
geometry.  Geometrical  proofs  arc  used  throughout,  and  it  has  been  suggested  that 
Newton  chose  this  format  for  ease  of  understanding.  In  use  however,  Newton's 
notation  was  less  convenient  than  that  chosen  by  Leibnitz.  This  convenience  led  to 
the  more  rapid  development  of  the  calculus  in  Europe  than  in  Britain,  during  the 
subsequent  century. 

The  Principia  discusses  central  forces  on  bodies,  motion  through  a  resisting 
medium,  motion  of  a  pendulum,  wave  theory,  motion  of  planets,  and  universal 
gravitation.  Newton's  greatest  achievements  were  the  creation  of  the  differential 
and  integral  calculus,  the  universal  theory  of  gravitation,  the  principles  of 
optics,  and  the  corpuscular  theory  of  light  (1684).  Be  was  also  the  first  to  solve 
a  differential  equation,  in  1676. 

Gottfried  Wilhelm  LEIBNITZ  (1646-1716),  German  philosopher,  statesman,  and 
mathematician  was  first  noted  for  his  construction  of  an  early  calculating  machine 
in  1673,  which  he  presented  to  the  Royal  Society  of  London.  In  1675  he  indepen¬ 
dently  developed  the  first  energy  methods  for  the  study  of  dynamics.  In  1676  he 
became  librarian,  then  councillor  (1678)  to  the  Duke  of  Brannschweig-Luneburg ,  where 
he  worked  as  an  engineer  on  mechanical  devices,  on  the  improvement  of  education,  and 
on  various  geology  problems  while  continuing  his  work  on  mathematics  and  on  meta¬ 
physics.  In  1684  his  book  'Nova  Methodus  pro  Maximum  et  Minimus,'  was  published 
containing  an  exposition  of  his  differential  calculus.  A  portrait  of  Leibnitz 
painted  ca.  1700  is  shown  in  figure  6, 

THE  CENTURY  OF  THE  CALCULUS  (1687-1787) 

Jacob  (1654-1705),  Johann  (1667-1748)  and  Nikolaus  (1687-1759)  BERNOULLI  were 
three  founding  brothers  of  a  famous  family  of  scientists  and  mathematicians  which 
originated  in  Basel,  Switzerland.  The  mathematicians  of  this  family  are  shown  in 
the  chart  of  figure  7.  Jacob  Bernoulli  studied  experimental  physics  in  Basel  and  in 
1687  became  Professor  of  Mathematics  at  Basel  University.  He  wrote  on  siunmation  of 
infinite  series,  and  corresponded  with  Leibnitz  on  problems  of  the  calculus.  He 
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established  the  initial  concepts  of  the  Calculus  of  Variations  in  his  study  of  the 
i soperime trie  problem,  ’^sing  his  variational  calculus  he  discovered  the  form  of  the 
catenary,  and  of  the  isochrone.  In  1696  he  formulated  and  solved  the  brachysto- 
chrone  problem,  and  offered  this  as  a  problem  to  the  best  mathematicians  of  Europe 
by  letter,  giving  six  months  for  solution.  Newton's  response  is  best  known;  he 
solved  the  problem  overnight,  and  communicated  the  solution  anonymously  to  Johann 
Bernoulli,  who  quickly  recognized,  with  admiration,  the  author  of  that  solution  by 
his  style. 

Johann  Bernoulli  was  also  fascinated  with  problems  and  possibilities  of  the  new 
mathematics,  and  he  obtained  the  tautochrone  curve  using  the  variational  calculus. 
Johann  had  three  sons  who  also  became  mathematicians,  Nikolaus  IV  (1695-1726), 
Daniel  (1700-1782),  and  Johann  II  (1710-1790).  Daniel  Bernoulli's  famous  book 
'Hydrod3niamica '  which  contains  Bernoulli's  theorem  was  published  in  1738.  In  1742 
he  suggested  in  a  letter  to  Euler  that  the  differential  equation  for  the  deflected 
form  of  the  elastici  could  be  obtained  by  minimizing  the  integral  of  the  square  of 
the  curvature  taken  along  the  length.  This  task  was  subsequently  completed  by  Euler 
and  the  solution  for  the  deflected  forms  of  the  Elastica  was  published  in  1744. 
This  solution  is  the  basis  for  the  well-known  Bernoulli-Euler  theory  for  deflection 
of  slender  beams.  Daniel  Bernoulli  also  suggested  to  Euler  in  1748  a  procedure  for 
obtaining  the  differential  equation  for  vibrations  of  slender  beams.  A  portrait  of 
Daniel  Bernoulli  is  shown  in  figure  8. 

Johann  II  (1710-1790)  succeeded  his  father  to  the  Chair  of  Mathematics  in 
Basel.  His  son  Jacob  II  (1759-1789)  also  became  Professor  of  Mathematics  at  the 
Academy  of  St.  Petersburg,  where  he  followed  the  works  of  his  uncle  and  teacher, 
Daniel.  He  studied  Chladni's  experimental  work  on  vibrations  of  plates,  and  sought 
a  theoretical  explanation  for  the  nodal  patterns. 

Brook  TAYLOR  (1685-1731)  was  an  English  mathematician  and  a  contemporary  of 
Newton,  whose  best-known  achievements  were  the  development  of  the  Taylor's  Series, 
and  the  early  development  of  the  Calculus  of  Finite  Differences.  His  portrait  is 
shown  in  figure  9.  He  found  the  formula  for  the  center  of  oscillation  (c.g.)  of  a 
compound  pendulum  which  gave  the  correct  period,  Taylor  is  mentioned  by  R.  B. 
Lindsay  as  the  first  person  to  achieve  'a  strictly  dynamical  solution  to  the  problem 
of  the  vibrating  string.'  To  do  this,  Taylor  assumed  that  the  string  was  made  up  of 
many  identical  particles  along  its  length,  and  that  the  nature  of  vibration  modes 
was  such  that  every  particle  reached  its  maximum  amplitude  at  the  same  time.  Using 
this  form  and  Newton's  second  Law  of  Motion  together  with  the  Difference  Calculus. 
Taylor  obtained  a  formula  for  the  frequency  of  vibration  of  a  vibrating  string  which 
was  in  agreement  with  the  experimental  results  of  Mersenne . 

Leonhard  EULER  (1707-1783)  was  a  Swiss  mathematician  who  made  voluminous 
contributions  to  the  development  of  applied  mathematics  and  to  engineering  analysis. 
He  was  born  in  Basel,  and  was  a  student  of  Johann  Bernoulli.  At  the  age  of  twenty, 
in  1727,  he  became  an  Associate  of  the  Imperial  Academy  of  St.  Petersburg.  In  1733 
he  obtained  the  first  solution  for  the  second-order  differential  equation  with 
constant  coefficients.  This  effort  was  possibly  motivated  by  a  desire  to  solve  the 
wave  equation  which  had  been  obtained  but  not  solved  by  Daniel  Bernoulli  in  1723. 
In  1736  he  obtained  and  demonstrated  the  expression  for  minimizing  a  curve.  In 
1741,  tired  of  the  intrigues  of  St.  Petersburg  he  joined  the  Imperial  Academy  of 
Berlin,  and  he  published  his  famous  work  on  beam  deflection  (1744),  and  his  work 
with  D.  Bernoulli  on  the  lateral  vibrations  of  bars  (St.  Petersburg,  1751),  during 
his  tenure  in  Berlin.  According  to  A.E.H.  Love  (Cambridge,  1927)  the  fourth-order 
equation  vibration  equation  was  obtained  'by  variation  of  the  function  they 
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(Bernoulli  and  Euler)  had  previously  used  for  the  work  done  in  (static)  bending. 
They  determined  the  functions  we  should  now  call  Noirmal  Functions,  and  the  equation 
we  should  now  call  the  Period  Equation,  in  the  six  cases  which  arise  according  to 
whether  the  ends  (of  the  bar)  are  free,  clamped,  or  pinned'  (Love  1927).  The  method 
therefore  is  due  in  concept  to  D.  Bernoulli,  and  the  execution  was  performed  by 
Euler.  Later  studies  by  this  talented  pair  included  an  attempt  to  develop  a  theory 
for  the  tones  of  a  bell.  Euler's  later  researches  on  beams  initiated  the  theory  of 
elastic  stability  of  columns  and  his  well-known  ductility  formula  (1757). 

In  1759  Euler  returned  to  the  St.  Petersburg  Academy,  and  around  1767,  he 
became  totally  blind.  A  portrait  of  Euler  around  this  time  is  shown  in  figure  10, 
Despite  this  loss  of  sight,  his  productivity  continued  at  a  high  level.  His  memory 
appears  to  have  been  uncommonly  acute,  and  his  ability  for  mental  computation  was 
phenomenal.  He  introduced  the  symbols  e,  it,  and  i  into  common  mathematical 
parlance,  and  the  identity  e^^  +1=0  bears  his  name.  He  wrote  two  textbooks  on 
the  calculus  (1755,  1770).  TThese  textbooks  have  guided  the  format  of  mathematical 
texts  to  the  present  day. 

Was  Euler  the  first  person  to  find  m  =  '\J  K/U?  This  feat  would  have  been 
possible  after  1733,  when  the  solution  to  the  second-order  equation  became 
available.  Euler,  D.  Bernoulli,  and  d'Alembert,  who  were  in  relatively  close 
communication  for  those  days,  avidly  investigated  problems  of  mechanics  and  dynamics 
of  continua.  However,  it  appears  that  particle  dynamics  per  se  did  not  intrigue 
them . 

Jean  Le  Rond  D'ALEMBERT  (1717-1783)  was  admitted  to  the  French  Academy  of 
Sciences  in  1741,  and  published  his  best-known  work  'Traite  de  Dynamiqne'  in  1743. 
This  work  contains  his  famous  principle  of  dynamics.  D'Alembert  studied  the 
vibrations  of  strings  in  1747,  and  published  his  work  on  this  topic  in  a  memoir  to 
the  Berlin  Academy  in  1750.  This  is  the  first  published  work  to  contain  the 
equation  and  solution  for  the  motion  of  a  string  treated  as  a  continuum,  i.e.,  the 
wave  equation,  although  this  equation  had  been  obtained  without  publication  by  D. 
Bernoulli  in  1723.  D'Alembert's  solution  to  this  equation  was  achieved  by 
separation  of  the  variables,  a  procedure  devised  by  Johann  Bernoulli  in  1696.  This 
procedure  was  successfully  applied  to  the  vibrating  string  independently  by  both 
d'Alembert  and  Euler.  His  portrait  is  shown  in  figure  11. 

Joseph  Louis  LAGRANGE  (1736-1813)  was  acknowledged  as  the  greatest 
mathematician  of  his  age.  His  principal  accomplishment  was  the  generalization  of 
Newtonian  mechanics,  for  which  he  devised  a  straightforward  procedure  for  obtaining 
the  equations  of  motion,  Lagrange's  equation.  His  book  'Mecanique  Analytique' 
(1788)  contains  these  achievements.  At  twenty-three  years  of  age  he  extended  the 
earlier  work  of  d'Alembert,  and  generalized  the  solution  to  the  vibrating  string. 
In  this  study,  the  string  was  again  considered  as  a  system  of  identical  particles, 
for  which  he  obtained  the  equations  of  motion,  and  demonstrated  that  the  number  of 
independent  modes  is  equal  to  the  number  of  particles.  He  showed  that  in  the  limit, 
the  result  for  the  frequencies  agreed  precisely  with  those  achieved  earlier  by 
d'Alembert  and  Euler  for  the  continuum  model  of  the  string.  Lagrange’s  solution  for 
the  discrete  particle  model  appears  to  be  the  closest  any  analyst  has  come  to 
finding  the  si  ;;le  degree  theory,  up  to  that  time.  A  portrait  is  shown  in  figure  12 
of  Lagrange  around  the  year  1787. 


THE  ERA  OF  THE  ELASTICIANS  (1787-1850) 


Ernst  Florens  CHLADNI  (1756-1827)  studied  the  modal  patterns  of  vibrating 
plates,  and  first  published  his  results  at  Leipzig  in  1787.  These  results  greatly 
stimulated  the  mathematicians  to  further  apply  those  techniques  which  had  succeeded 
with  strings,  beams,  and  rods  to  the  analysis  and  explanation  of  plate  vibrations. 
Chladni  gave  a  more  complete  account  of  his  work  in  his  book  'Die  Akustik'  also 
published  in  Leipzig,  in  1802,  in  which  he  documents  his  researches  on  plates,  with 
dates  of  their  original  publication.  A  copy  of  the  title  page  of  Chladni's  book 
with  his  portrait  is  given  in  figure  13. 

Sophie  GERMAIN  (1776-1831)  wrote  three  memoirs  to  explain  the  modal  patterns 
Chladni  had  reported  in  his  book  'Die  Akustik,'  for  which  she  was  awarded  a  Prize  by 
the  French  Academy  in  1816.  The  gold  medal  which  accompanied  this  prize  is  shown  in 
figure  14.  In  these  memoirs,  she  first  obtained  the  equation  for  deflection  of  the 
mid-surface  of  a  thin  rectangular  plate,  and  in  later  work  she  established  the 
equation  for  the  normal  vibrations  of  such  a  plate. 

Baron  Augustin-Louis  CAUCHY  (1789-1857)  worked  on  the  mathematical  theory  of 
wave  propagation  for  which  he  was  awarded  the  Prize  of  the  Institute  de  France  in 
1816.  He  also  contributed  extensively  to  the  theory  of  stresses  in  solids. 

Simon  Denis  POISSON  (1781-1840)  contributed  to  the  development  of  the  theory  of 
elasticity,  and  is  memorialized  by  his  contributions  to  the  generalization  of  the 
stress-strain  law  of  elasticity  into  three  dimensions,  which  required  among  other 
concepts,  the  introduction  of  Poisson's  well-known  Ratio. 

Claude-Louis  Henri  NAVIER  (1785-1836)  was  the  first  mathematician  to  investi¬ 
gate  the  general  equations  of  equilibrium  and  vibration  of  elastic  solids.  He 
developed  a  'molecular'  theory  of  solids  in  which  the  mass  and  elastic  properties  of 
the  solid  were  concentrated  at  cectsin  material  points.  He  determined  the  equations 
of  motion  of  these  'molecule'  points,  and  took  the  variation  of  the  work  done  by  the 
forces  acting  on  the  molecule  in  a  small  displacement.  This  procedure  gave  the 
differential  equations  of  motion  and  the  boundary  conditions  at  the  surface  of  the 
body . 

THE  SCHOLARS  OF  VIBRATION  (1872-1934) 

John  William  STRUTT,  LORD  RAYLEIGH  (1841-1919)  in  1877  published  the  first 
edition  of  his  famous  treatise,  'The  Theory  of  Sound.'  His  first  paper  on  gases  was 
presented  to  the  British  Association  for  the  Advancement  of  Science  in  1882,  and  he 
won  the  Nobel  Prize  for  the  isolation  of  argon  in  1904.  Rayleigh  was  a  prolific 
writer  and  became  Chancellor  of  Cambridge  University  in  1908,  a  post  which  he  held 
until  his  death  in  1919.  Rayleigh's  portrait  of  this  period  is  shown  in  figure  15. 
The  theory  of  vibration  as  taught  today  for  a  single-degree  system  appears  in  'The 
Theory  of  Sound,'  Volume  1,  Chapter  3,  pages  44-50:  see  figure  16.  The  formula  for 
the  period  p  =  2n  'yM/K  appears  on  page  44  of  the  Dover  edition  (1946). 

The  Ukrainian-born  Stephen  TIMOSHENKO  (1878-1972)  published  the  first  edition 
of  his  famous  book  on  the  Theory  of  Elasticity  in  St.  Petersburg  in  1913.  He  left 
his  homeland  in  1918  for  the  United  States,  and  he  worked  for  the  Westinghonse 
Electric  and  Manufacturing  Company  in  Pittsburgh  from  1923  to  1927.  Timoshenko 
solved  vibration  problems,  collected  vibration  literature,  and  taught  courses  on 
vibration  analysis  at  the  Westinghonse  Night  School  during  this  period.  His  course 
notes  were  first  published  in  1928  by  the  D.  Van  Nostrand  Company  under  the  title 


'Vibration  Problems  in  Engineering.'  This  was  the  first  U.S.  book  on  vibration 
analysis,  and  it  was  the  first  English-language  vibration  text  written  with  a 
practical  orientation.  Timoshenko  virtually  established  the  science  of  engineering 
mechanics  in  the  United  States  through  his  writings  and  through  his  students. 

Jan  Pietr  DEN  HARTOG  (1899-  )  worked  initially  in  association  with 
Timoshenko  at  West inghouse  •  Timoshenko's  book  'Vibration  Problems'  mentions  work 
performed  by  Den  Hartog  during  this  period.  In  1934  Den  Hartog  began  his  teaching 
career  at  Harvard,  and  at  M.I.T.  in  1944.  The  first  edition  of  his  lucid  textbook 
'Mechanical  Vibrations'  was  published  in  1934. 

WHO  WAS  FIRST? 


What  can  be  concluded  with  regard  to  the  probable  origins  of  oj  =  'y  K/M  from  the 
lives  of  the  earliest  pioneers?  First,  we  know  that  their  discoveries  came  at  a 
time  when  there  were  strong  commercial  incentives  for  the  development  of  mechanical 
devices  such  as  chronometers,  efficient  pumps,  and  steam  engines.  Second,  the 
correspondence  between  Galileo  and  Huygens'  father  in  Leyden,  and  between  Galileo 
and  Mersenne  was  significant  because  it  provided  inspiration  and  fertile  ground  for 
the  genius  of  Huygens  to  grow.  Huygens  went  to  Paris  to  study.  Paris  was  the 
intellectual  center  of  Europe  during  the  reign  of  Louis  XIV,  under  his  finance 
minister,  Colbert.  Studying  with  Mersenne,  Huygens  must  have  heard  of  Galileo's 
suggestion  to  use  the  pendulum  for  timekeeping,  and  of  Mersenne 's  work  on  the 
cycloidal  curves.  To  put  such  pieces  of  information  together  into  a  working  device 
woulu  nave  required  precisely  those  intellectual  and  mechanical  skills  which  Huygens 
possessed.  He  created  the  first  chronometer  by  introducing  the  cycloidal,  i.e., 
isochronous  escapement.  A  later  version  of  the  escapement  mechanism  is  shown  in  his 
book  'Horologium  Oscilatorium.  '  Did  Huygens  meet  Mariotte  in  Paris?  Very  likely. 
Were  Mariotte 's  questions  to  Leibnitz  concerning  the  compound  escapement  inspired  by 
Huygens'  cycloidal  pendulum?  Such  a  mathematical  analysis  was  conceptually  within 
the  ability  of  the  twenty-seven  year  old  Leibnitz,  though  the  calculus  involved 
would  not  have  evolved  from  him  until  1684  .  Further,  the  solution  of  the 
simultaneous  second-order  differential  equations  involved  would  also  have  had  to 
wait  a  further  sixty  years  for  Euler's  contribution.  Leibnitz  had  received  his 
doctorate  at  twenty  years  of  age,  and  was  on  cordial  terms  with  Mariotte  and  Newton. 

Prior  to  Galileo  there  were  no  concepts  of  mass  or  motion  as  we  now  understand 
these  terms.  The  few  earlier  writers  who  had  studied  the  positions  of  celestial 
bodies  (Ptolemy,  Copernicus)  had  drawn  conclusions  concerning  orbital  motion. 
Aristotle  in  his  'Physics'  states  that  particles  travel  iri  straight  lines .  To 
believe  otherwise,  i.e,,  parabolic  motion,  was  to  deny  the  great  credibility  given 
to  Aristotle  by  Aquinas.  Aristotle  further  states  that  the  medium  drives  the 
projectile.  Such  'Physics'  as  existed  prior  to  Galileo  was  apparently  understood  in 
much  different  terms  to  those  we  believe  today. 

Galileo's  major  contributions  to  dynamics  were  to  coordinate  the  concepts  of 
displacement  and  velocity,  and  to  introduce  the  new  concept  of  acceleration. 
Expressed  in  modern  terms,  these  concents  bring  us  to  the  brink  of  the  differential 
calculus.  They  provide  a  reason  for  the  discovery  of  the  calculus  thirty  years 
after  the  publication  of  Galileo's  book.  In  order  to  explain  the  results  of  his 
experiments  in  1594  with  falling  weights,  Galileo  did  three  things:  First,  he 
devised  the  concept  of  acceleration.  Second,  he  applied  the  scientific  method  -  he 
devised  a  theory  to  explain  his  experimental  observations.  Third,  using  this  theory 
he  expressed  his  results  in  analytical  form  -  the  expressions  for  the  laws  of 
accelerating  motion.  At  the  time  of  Galileo,  any  one  of  these  innovations  would  be 


sufficient  to  demonstrate  his  creative  brilliance.  All  three,  together,  gave  birth 
to  the  new  science  of  dynamics,  and  changed  forever  the  way  in  which  science  itself 
was  understood . 

Newton  continued  from  where  Galileo  left  off.  By  realizing  the  principles 
which  lay  behind  Galileo's  dynamical  ideas,  he  conceived  the  differential  calculus, 
and  by  inferring  the  reciprocity  of  the  differential  relations,  he  was  then  able  to 
devise  the  principles  of  the  integral  calculus.  These  two  mighty  discoveries  appear 
to  have  taken  place  immediately  following  his  graduation  from  Cambridge,  in  the 
plague  years  of  1665  and  1666,  when  he  was  back  in  Woolsthorpe.  The  concept  of 
universal  gravitation  also  occurred  to  him  during  the  same  period.  Prior  to  this 
time  there  was  no  explanation  for  how  the  observed  orbital  motions  of  the  moon  about 
the  earth,  and  of  the  planets  about  the  sun,  could  occur. 

Given  Galileo's  concepts  of  motion  and  (by  this  time)  of  mass,  Newton  deduced 
that  it  was  the  mass  property  which  provided  the  attraction,  and  the  motion  property 
which  provided  the  equilibrium.  Thus  Newton  unified  and  explained  the  planetary 
motions,  and  introduced  the  concept  of  universal  gravitation  with  the  inverse-square 
law,  and  further  showed  that  these  ideas  were  in  accordance  with  the  principle  of 
centrifugal  action,  given  by  Huygens  in  1655.  These  achievements  together  with  the 
three  Laws  of  Motion  are  given  in  the  'Principia,'  Volume  2. 

By  the  year  170C  the  concepts  of  mass  and  of  acceleration  were  both  well 
accepted,  though  not  yet  in  the  same  use  as  engineers  employ  them  today.  There  were 
several  reasons  for  this.  First,  the  development  of  mathematics  itself  was  the 
primary  interest  of  mathematicians  such  as  Johann  Bernoulli,  Newton,  and  Taylor.  Of 
these,  Taylor  was  the  only  one  who  put  the  mathematical  discoveries  to  use  for 
vibration  analysis,  with  his  discrete-particle  solution  of  the  string  problem. 
Secondly,  energy  methods  were  being  developed  very  enthusiastically  around  this  time 
in  Europe,  and  their  proponents  saw  in  them  great  promise  for  the  discovery  of 
general  laws  of  dynamical  systems.  Thirdly,  the  field  of  differential  equations 
remained  to  be  appreciated,  solved,  and  formalized.  However,  this  path  apparently- 
led  to  solutions  for  specific  problems  in  dynamics,  rather  than  to  general 
principles,  and  this  was  possibly  less  interesting  to  pioneers  such  as  Newton  and 
Leibnitz,  whose  major  interest  in  applied  dynamics  lay  in  celestial  mechanics.  And 
lastly,  the  early  mathematicians  continued  to  be  fixated  on  the  discovery  of 
analytical  forms  for  special  curves.  Galileo,  Mersenne,  and  Huygens  worked  on  their 
cycloids;  Newton  and  Halley  sought  expressions  for  planetary  orbits;  Johann 
Bernoulli,  and  Leibnitz  developed  analytic  forms  for  the  Brachystochrone  and  Tanto- 
chrone;  and  D.  Bernoulli  and  Euler  solved  the  Elastics.  Evidently,  the  development 
of  single  degree  of  freedom  dynamics  would  have  to  wait  until  a  talented  but  less 
ambitious  mathematician  with  engineering  interests  appeared  on  the  scene. 

D.  Bernoull’.  Euler,  and  d'Alembert  were  mathematicians  with  less  general 
interests.  This  can  be  discerned  from  the  specific  types  of  problems  which  they 
studied,  without  detracting  in  any  way  from  the  greatness  of  their  prodigious 
contributions.  Most  of  our  basic  mathematical  tools,  and  many  other  procedures,  are 
due  to  them.  Furthermore,  engineering  dynamics  owes  much  to  what  must  have  been  a 
very  close  and  fortuitous  intellectual  friendship  between  Daniel  Bernoulli  and 
Leonhard  Euler,  and  to  some  extent  with  d'Alembert  also,  throughout  their  long, 
active  lives.  Bernoulli  first  brought  his  strong  mathematical  skill  and  fine 
practical  insight  to  the  problem  of  the  uniform  vibrating  string,  in  1723,  Euler's 
solution  to  the  second-order  differential  equation  (1733)  may  have  been  an  outgrowth 
of  their  earlier  collaboration  on  this  work,  as  colleagues  in  St.  Petersburg.  The 
concept  of  Separation  of  Variables  had  been  contributed  by  Johann  Bernoulli  in  1696, 


and  it  is  easy  tc  speculate  that  these  two  steps  were  utilized  by  Daniel  Bernoulli 
and  Euler,  during  their  time  together  (1726-1730),  in  semi-isolation  in  St. 
Petersburg.  Nonetheless,  despite  the  continuing  correspondence  between  these  two 
after  Bernoulli  returned  to  Basel,  the  solution  to  the  wave  equation  was  not  first 
published  by  them,  but  rather  by  d'Alembert  in  1750.  Was  d'Alembert  in  touch  with 
Bernoulli  from  Paris,  between  1733  and  1751?  Quite  likely,  but  his  solution  for 
axial  and  torsional  vibrations  of  a  nniforin  continuum  does  not  mention  any  earlier 
work  on  the  vibrating  string  by  Bernoulli  and  Euler,  even  though  d'Alembert's  work 
was  published  by  the  Berlin  Academy  in  1750,  while  Euler  was  in  Berlin. 

It  seems  that  the  pendulum  problem  may  have  served  most  significantly  to  direct 
the  minds  of  the  mathematicians  toward  dynamics.  Following  Leibnitz,  Johann 
Bernoulli  began  to  work  on  problems  of  particle  dynamics:  as  noted,  the 
Brachys tochrone  problem  (path  of  steepest  descent),  was  solved  by  Newton,  overnight, 
in  1696.  Brook  Taylor's  solution  to  the  vibrating  string  problem  in  1714  using 
particle  dynamics  and  the  difference  calculus  preceded  the  early  development  of  the 
wave  equation  by  Daniel  Bernoulli.  The  first  solution  to  the  wave  equation  was 
obtained  by  Euler  and  by  d'Alembert,  apparently  independent  of  each  other,  around 
1749.  D'Alembert  published  his  work  in  1750  at  the  Berlin  Academy,  and  Bernoulli 
published  another  result  in  1755  in  the  Memoirs  of  the  same  Institution. 
Considering  that  the  method  of  separation  of  variables  was  available  from  the  work 
of  Johann  Bernoulli  in  1694-97,  it  is  not  surprising  that  methods  for  solving 
differential  equations  of  the  second— order  with  constant  coefficients  soon  became 
available  from  Euler,  with  contributions  by  d’Alembert,  between  1733  and  1736, 

The  solution  to  the  wave  equation  in  its  most  general  form  was  given  by 
Lagrange  in  an  extensive  memoir  to  the  Berlin  Academy  in  1759,  while  Lagrange  was 
still  residing  in  Turin,  'This  generalization  was  made  by  reverting  to  a  multi¬ 
particle  model  of  a  string,  similar  to  that  used  by  Taylor.  It  is  this  use  of  the 
particle  model,  and  by  observing  that  Lagrange's  solution  shows  the  number  of  modes 
is  equal  to  the  number  of  particles  which  comprise  the  string,  which  suggests  that 
Lagrange  may  also  have  been  the  originator  of  the  single  degree  of  freedom  theory. 
This  thought  may  be  pursued  by  a  reading  of  Lagrange's  memoir  (  1759),  and  by 
studying  his  famous  book  'Mecanique  Analytique'  (1788). 

The  specific  reason  for  Cbladni’s  (1787)  interest  in  the  vibration  of  plates  is 
not  known.  It  can  be  surmised  that  a cous t ica 1 ly-exc i ted  patterns  of  plates  (or  of 
surfaces,  possibly  of  the  sea?)  somehow  led  to  Chladni’s  interest,  as  the  title  of 
his  book  'Die  Akustik'  suggests.  Was  this  a  two-dimensional  extrapolation  of  the 
preceding  interest  in  strings?  In  any  case,  Chladni's  results  stimulated  the  great 
French  analysts  to  seek  a  solution  to  the  plate  problem.  Their  efforts  lasted  for 
half  a  century.  Amongst  other  things,  this  resulted  in  Sophie  Germain's  derivation 
(1815)  of  the  plate  equation,  and  the  general  equations  of  elasticity  for  plates  and 
solids  by  Cauchy  (1810),  Navier  (1822-29),  Poisson  (1831),  and  others. 

If  the  single  degree  theory  and  w  =  was  developed  during  the  Era  of  the 
Flasticians,  this  event  has  not  been  widely  recognized.  Nor  is  it  evident  that  it 
occurred  during  the  Century  of  the  Calculus,  when  the  emphasis  was  on  mathematical 
development,  and  on  the  wave  equation.  And  how  could  it  have  occurred  during  the 
Age  of  Genius  when  neither  the  equations,  nor  many  of  the  mathematical  concepts  were 
available?  It  therefore  appears  that  although  Brook  Taylor  may  have  come 
surprisingly  close  with  his  early  result  for  the  single  degree  system,  in  1714,  his 
interest  lay  mainly  in  explaining  the  string  vibrations.  All  things  considered, 

I.agrange's  interest  in  the  development  of  equations  for  discrete  systems  makes _ ^him  a 

likely  originator  of  the  single  degree  theory,  and  hence  of  the  result  u  -  yK/M. 


CLUES  FROM  THE  CLASSICAL  TEXTS 


The  first  textbook  on  the  dynamics  of  physical  systems  is  the  unified  presen¬ 
tation  by  Lagrange  'Mecanique  Analytique'  (1788).  This  book  contains  the  develop¬ 
ment  from  fundamentals  of  Lagrange's  Principle,  with  applications.  This  work  is  a 
mathematical  treatise,  in  which  geometrical  aspects  are  presented  in  analytical 
terms,  in  the  tradition  of  Descartes,  through  the  introduction  and  use  of  Lagrange's 
procedure.  The  generalized  presentation  given  is  thereby  applicable  to  any  physical 
s} s  t  em  . 

The  first  English  text  to  address  the  subject  of  vibration  is  Rayleigh's 
'Theory  of  Sound.'  This  book  is  the  work  of  a  mathematical  physicist,  and  it  shows 
that  the  vibration  problems  of  interest  to  Rayleigh  were  not  viewed  in  the  same 
manner  as  they  would  be  today.  Rayleigh  saw  vibration  in  relation  to  acoustics 
alone:  he  states  that  'Without  our  ears  we  should  hardly  care  much  more  about 
vibrations  than  without  eyes  we  should  care  about  light,'  (Preface,  'Theory  of 
Sound'  \olur,e  1,  page  xxxiv,  1877  ).  The  'Theory  of  Sound'  is  a  full  compendium  of 
physical  knowledge  on  acoustics  and  vibrations,  together  with  the  mathematics  of 
these  subjects,  rigorously  presented.  It  is  a  treatise,  not  a  beginner's  textbook. 
Apparently,  Rayleigh  was  not  acquainted  with  reciprocating  steam  engine  vibrations, 
n< r  propeller  or  paddle  wheel  vibrations  in  ships,  nor  overhead  factory  lineshaft 
vibrations,  nor  shaft  whirling  (Rankine,  1869),  nor  the  vibrations  nor  noise  of 
bridges  ss  the  steam  trains  of  the  day  passed  over  them;  and  despite  related 
disasters,  nor  of  the  Rrighton  and  Menai  Straits  suspension  bridge  collapses. 

Certain  European  and  Russian  books  on  vibration  theory  and  applications  may 
also  have  been  published  during  the  period  1877  to  1928,  but  no  details  of  such 
works  arc  kmiwr,  at  this  writing.  None  of  the  texts  mentioned  above  contain  any 

indication  of  where  the  original _ ^5j.ngle  degree  theory  came  from,  nor  gives  any 

indication  cjf  ttie  source  of  (,j  y  K/M. 

N:net>  five  jears  after  the  publication  of  Lagrange's  book,  Rayleigh  devoted 
part  of  a  e.hapter  in  the  'Theory  of  Sound'  to  the  single  degree  system,  in  which  he 
cited  the  results  mentioned  earlier.  These  results  are  stated  with  no  reference  to 
their  author.  Were  they  so  well-known  by  1877  ,  or  likely  even  so^  trivial  in 
Rayleigh's  mind,  that  there  was  no  need  to  identif)'  the  original  source?  It  seems 
surprising  that  all  textbooks  written  since  Rayleigh's  time  have  followed  his  lead 
with  the  single  degree  theory,  yet  no  subsequent  author  has  thus  far  identified  the 
u  r i g  i  r  a  t  o  r  cl  that  theory. 


NO  SPLCJEIC  RilSULT  BUT  A  CLEARER  PICTURE 
A  rcvie*  .f  the  evidence  available  at  this  time  leads  ns  to  five  conclusions: 

1)  ! h c  physics  of  st-ing  vibrations  was  understood  to  some  degree  by  Pythagoras, 

and  mere  completely  by  Calileu  and  .Versenne;  but  neither  Galileo  or  Mersenne 
had  the  equation  of  the  vibrating  string,  much  less  the  mathematical  techniques 
which  axe  required  to  achieve  a  solution  to  this  equation. 

2'  iayloi  gave  the  first  (approximate)  solution  for  the  lowtst  mode  of  the 
vibrating  string  in  1714.  D.  Bernoulli  gave  the  wave  equation  for  the 
V  Ui  r  a  t  i  n  g  string  around  1723  ,  but  without  a  solution.  ITi  i  s  solution  was 

achieved  by  D'Alembert  and  l.u  1  e  r  between  1747  and  1750,  and  was  generalized  by 
Lagrange  around  1  7  5  'J  . 


3)  I'he  pendulum  problem  was  observed  by  (Ijlileo  in  15S6.  Huygens  first  devised 
the  cycloidal  pcnduluir  in  1059,  and  obtained  the  formula  for  the  frequency  of 
oscillation  c' f  a  pendulum,  probably  around  1673. 

4)  Tnc  first  known  publication  to  give  single  degree  forced  damped  vibration 
theory  was  in  Lord  Rayleigh's  'Theory  of  Sound'  \'olume  1,  in  1877  . 

5)  It  seems  both  probable  and  likely  that  the  single  degree  theory  was  available 
prior  to  Rayleigh's  book. 

It  IS  helpful  to  recall  that  the  ma c bema t i ca 1  tools  for  analysis  of  the  single 
degree  system  became  available  in  the  mid-eighteenth  century.  These  tools  were 
developed  by  mathematical  researchers,  who  were  seeking  procedures  for  general 
systems.  Mi’hen  Euler  obtained  solutions  for  second— order  ordinary  differential 
ecjuatiors,  d'Alembert  immediately  applied  these  solutions  for  use  on  partial 
differential  equations,  viz.  on  the  wave  eq.iation. 

It  is  possible  that  the  single  degree  theory  orig-nated  with  Lagrange,  who 
generalized  Newtonian  mechanics  into  a  single  comprehensible  procedure  for  all  of 
mathematical  physics,  and  who  had  the  mathematical  tools  and  concepts  to  achieve 
such  a  .solution.  Could  the  great  Lagrange  have  for  once  gazed  so  low  as  to  attempt 
to  solve  the  simple  problem  of  a  single  oscillating  particle? 

The  solution  does  not  appear  to  have  been  achieved  by  the  inspired  French 
school  of  elasticians  who  began  with  Chladni,  and  which  included  Sophie  Germain, 
Poisson,  Cauchy,  Navier,  Lame,  Kirchoff,  and  Boussinesq,  during  the  years  1786  to 
1850.  These  mathematical  physicists  were,  again,  interested  in  developing  general 
formulations  for  elasticity,  with  applications  to  plates  and  shells.  Vibrations  of 
plates,  shells,  surfaces,  and  solids  were  also  studied  by  the  French  school,  and 
were  later  furthered  by  the  F.rglish  elasticians,  beginning  with  Stokes,  Rayleigh, 
Mitchell,  and  Love.  Simply  stated,  the  formidable  talents  of  all  these  scientists 
very  likely  demanded  something  more  challenging  than  the  simple  oscillator.  The 
very  simplicity  of  thij^  system  is  the  reason  why  the  originator  of  the  theory,  and 
f  the  formula  w  =  K/M  has  so  far  not  been  identified.  This  work  is  continuing. 
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CHAPTER  III. 


SYSTEMS  HAVING  ONE  DEGREE  OF  FREEtXIM. 


43.  The  material  systems,  with  whose  vibrations  Acoustics  is 
concerned,  are  usually  of  considerable  complication,  and  are  sus¬ 
ceptible  of  very  various  modes  of  vibration,  any  or  all  of  which 
may  coexist  at  any  particular  moment.  Indeed  in  some  of  the 
most  important  musical  instruments,  as  strings  and  organ-pipes, 
the  number  of  independent  mode.s  is  theoretically  infinite,  and 
the  consideration  of  several  of  them  is  essential  to  the  most  prac¬ 
tical  questions  relating  to  the  nature  of  the  consonant  chorda 
Cases,  however,  often  present  themselves,  in  which  one  mode  is 
of  paramount  importance ;  and  even  if  this  were  not  no.  it  would 
still  be  proper  to  commence  the  consideration  of  the  general 
problem  with  the  simplest  case — that  of  one  degree  of  freedom. 
It  need  not  be  supposed  that  the  mode  treated  of  is  the  only  one 
possible,  because  so  long  as  vibrations  of  other  modes  do  not  occur 
their  possibility  under  other  circumstances  is  of  no  moment. 

44.  The  condition  of  a  system  possessing  one  degree  of  free¬ 
dom  IS  defined  by  the  value  of  a  single  co-ordinate  u,  whoec  origin 
may  be  taken  to  correspond  to  the  position  of  equilibrium.  The 
kinetic  and  potential  energies  of  the  system  for  any  given  position 
Me  proportional  respectively  to  ti’  and  u’ : — 

T  =  \mu\  V  =  . (H. 

where  m  and  n  are  in  general  functions  of  u.  Bui  if  we  limit 
ourselves  to  the  consideration  of  positions  tn  the  immediate  neigk- 
^xmrhood  of  tJuU  corresponding  to  eguilxbrium,  u  is  a  small  quantity, 
and  m  and  fj.  are  sensibly  constant.  On  this  undeistanding  we 


44 


ONI  DEORKI  OF  FRF.KnOM 


iu>w  ll  thnr*?  be  no  furv-ei,  eithi'i  ftim\  iiiir  rnal 

fnrtiun  or  viscosity,  oi  iniprev*ed  on  tlie  stsiU’in  frijin  ih.- 

whofe  «*nergy  remains  ciiJisiAut  Thus 

r  +  r  •  consLaiil 


Subatituting  fi»r  T  and  T  their  values,  and  differentiating  ^ith 
respect  to  the  time,  we  obtain  the  equation  of  motioo 

mu  -f  >*u  «  U . 

of  which  the  complete  integral  la 


u  o  coe  (af  -  a) . (3), 

where  representing  a  iamiontc  vibnuion  It  will  be 

seen  that  the  penod  alone  is  determined  by  the  nature  of  the 
system  itself,  the  amplitude  and  phase  depend  on  collateral  cir- 
cumslanoiM.  If  the  differential  equation  were  eiact,  that  is  to 
say.  if  T  were  strictly  proportional  to  li*.  and  V  to  u*.  then,  withoot 
any  reatnetioo.  the  vibrations  of  the  system  about  its  couhguielion 
of  equilibrium  would  be  accurately  harmonic.  But  in  the  majority 
case*  the  proportiouality  is  only  approximate,  depending  on  an 
assumption  that  the  displacement  a  is  always  small— how  small 
depeuda  on  the  nature  of  the  particular  system  and  the  degree  of 
approximation  required  ;  and  then  of  course  we  must  be  esueful 
oot  to  push  the  app/icatiou  of  the  inCegral  beyond  its  proper 
liinita. 

But,  although  not  to  be  stated  without  a  limitalioo,  the  pnn- 
ciple  that  the  vibrations  of  a  system  about  a  configuration  of 
equilibrium  hove  a  period  depending  on  the  structure  of  the 
system  and  not  on  the  particular  circumstances  nf  the  vibration, 
is  «»f  supreme  imporunce,  whether  regarded  from  the  theoretical 
or  the  practical  side.  If  the  pitch  and  the  loudness  of  the  note 
given  by  a  musical  instrument  were  not  within  wide  limits  in- 
dependent,  the  art  of  the  perfonner  on  many  Instruments,  ^uch 
aa  the  violin  and  pianoforte,  would  be  revolutionized. 

The  penodic  time 


80  that  an  increase  in  »n.  or  a  decrease  in  protracts  the  duration 
of  a  ^lbratlun  Ry  a  genei  ixlitatiun  of  '.he  laiigusge  employed  in 
the  ca*e  of  a  material  particle  urged  towanls  a  position  of  equili¬ 
brium  by  a  -Spring,  »t  may  he  raIU*d  lh»‘  inertia  of  the  sysl^im,  and 
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S  r  a  t  is  t  ici'i  1  Energy  Analysis  is  a  teciinique  for  predicting  tlie 
vibration  and  arcustic  response  of  comple.x  dynamic  systems. 

Unlike  elussical  methods  of  vibration  analysis,  SEA  is  well 
s'.iited  for  systems  having  a  large  number  of  modes  of  vibration. 

It  is  therefore  often  used  to  predict  the  high  frequency  response 
of  structures  to  broadband  random  acoustic  excitation.  However, 
it  can  also  be  used  at  low  frequencies  and  to  predict  narrowband 
vibration  levels,  if  one  is  willing  to  adopt  a  statistical  ap¬ 
proach  to  the  prediction  of  vibratory  energy.  SEA  is  particu¬ 
larly  useful  for  design  projects  where  complete  information 
describing  the  system  is  not  available  and  the  predictions  must 
be  prepared  in  a  short  amount  of  time.  In  this  paper  an  overview 
of  SEA  is  presented.  It  is  hoped  that  the  information  presented 
'will  give  engineers  a  better  understanding  of  this  techniqtie  so 
that  they  can  use  it  to  advantage. 


INTRODUCTION 

The  concept  of  a  "Statistical  Energy  Analysis"  of  the  vibrations  of  complex 
dynamic  systems  was  introduced  over  25  years  ago.  Since  then  SEA  has  slowly  gained 
ncceptap.ee  as  a  useful  analysis  procedure  for  vibration  and  acoustic  problems. 
Although  the  technique  has  been  used  for  a  broad  range  of  problems,  there  contirr.ies 
to  be  uncertainty  regarding  the  type  of  problem  for  which  it  is  suited  and  the 
,ir'.-.uracy  to  be  expected.  Certainly  some  of  the  readers  of  this  paper  will  be 
skeptical  about  SEA  and  might  say  "1  tried  it  and  it  didn't  work!"  Others  may  think 
of  SE.A  as  the  answer  to  all  their  problems.  Neither  of  these  extremes  is  a  valid 
■;';.se.s.sment.  of  the  current  situation.  When  used  properly  SEA  can  provide  useful 
ni!.)Wcrs  to  very  complicated  dynamic  problems.  The  general  simplicity  of  the 
-.nn  I  ■.ts  i  .s  adds  greatly  to  its  appeal.  On  the  other  hand,  the  inability  to  use  SE.A  to 
ob'.  clip,  detailed  predictions  of  the  vibration  response  at  specific  locations  and 
:  requeue  ie.s  will  disappoint  some  users.  The  objective  of  this  paper  is  to  provide 

r.cid>’i'  with  an  over'/i.ew  of  SEA.  It  is  hoped  that  the  information  presented  will 
■■  i  .  '  w  ■  Kg  i  r;eer.s  to  make  intelligent  deci.sions  regarding  the  use  of  SEA  and  to  knov; 
.ill'  'o  .'xpect  from  this  type  of  analysis. 

-■Uk'.-  qut'.stions  c-xist  regarding  the  use  of  SEA.  One  commonly  asked  question  is 
a  SK.A  can  be  used  to  make  predictions  based  only  on  drawing.s  without  cb.e  aid 

i''',rcd  data.  Thc'  answer  i.s  yes  with  some  qual  if  icat  ion.s  regarding  the 

>1!  of  vibration  and  acoustic  source  le’/els  and  the  prediction  of  damping. 

I  .  n-.p  sue  c  e  s  s  fu  1  1  V  u.sod  i-jo  iiiaiiv  ocects  i  on:',  to  predict  t'ibration  and  aeons!  i  c 
c  :  I'lnrt  ion.',.  Thest-  comtiinod  wi  t  li  measured  data  to  (.ie.scritTe  the  soiirce  of  ‘lie 


■iii;- it  in;i  ran  bo  >isod  to  mako  absolute  predictions.  The  prediction  of  damping  caii 
.i  pro!. lorn  for  anv  method  of  vibration  analysis.  A  second  commonly  asked  question 

i  .s  "■■."ntit  i  .s  tile  accuracv  of  SE.A?"  Being  a  statistical  technique  this  question  is 

ii  ircier  to  answer.  In  general,  we  can  expect  the  SEA  predictions  of  the  mean 
■.•il^r.ition  or  aroostic  level  to  be  within  5  to  10  dB  of  the  measured  one  -  th  ird- oc  tave 
'oroni  or  oota\'e  hanvi  Ir’.’els  at  a  specific  location.  Peaks  in  the  narrow  band 
vibration  .spectra  are  general  Iv  within  5  to  10  dB  of  the  mean  plus  two  standard 

i  a  t  ion.s  of  the  SE.A  prediction.  The  expected  accuracy  is  significantly  improved 
o’.'  t  cr.i'o.iL  ing  t  t  v'  .'>l..A  r' r  ■  d  i  ^  t  i  o'CiS  with  meas'ured  data  that  lias  been  averaged  over 
several  measurement  locations.  we  would  expect  a  SEA  model  to  provide  predictions 
ill  tlii"  'ase  within  3  dB  of  the  measured  data.  In  providing  such  specific  estimates 
of  t!;e  aecurac’c  of  SEA  w'p  must  po’nt  out  that  these  estimates  are  based  on  the 
I cv.'.i f !  ence  of  the  author  and  that  surpri.ses  can  occur  even  for  experienced  SEA 

Manv  of  the  applications  of  SEA  are  to  compare  the  vibration  or  noise  produced 
b'.'  different  designs.  Because  SEA  preserves  the  parameter  dependence  in  the 
prodiction  it  is  often  possible  to  predict  differences  as  small  as  1  or  2  dB .  This 
l  a.lvt.s  S.E.A  particularly  valuable  in  the  de.sign  process.  It  can  be  used  to  evaluate 
••a  r  i 'V..IS  de.sign  options  and  modifications  v.'ithout  extensive  cost. 

In  cli.scus.sing  the  development 
and  'a.se  of  SE.A  we  focus  on  three 
lispov;  c.s  .  First,  we  must  consider 
thf-  Sr.qristlcal  aspect  of  the  pre¬ 
dictions.  SE.A  treats  the  reson¬ 
ance  frequencies  and  mode  shapes 

a  structure  or  acoustic  space  ;  '.d.'-; ;  :  v.-. 

as  rap.dom  variables.  Although  j  , 

t  h  i  ,s  .statistical  approach  is  com-  1  -4 

mon  in  room  acoustics,  vibration  '  '  \  ;  ■  1 

ep.gineer.s  v.-ill  be.  less  familiar  \  ,  '  • 

'.■.■i'ii  it.  Since  the  modes  are 
•r>.'iiL.ed  statist  icallv ,  the  SEA 

ci  i  c  t  i  ons  are  al.so  statistical.  ;  '■  --  ■ 

must  learn  how  to  interpret  ;  I 

iii'i-d  i  c  t  i  OPS  of  the-  mean  and  stan- 
de',M.ation  of  the  vibration 
1  Is  .  Second,  we  must  consider 
'  ! ' . •  i' r; e rg v  a .s p e c L  of  SEA.  S E.A 
dvnamic  energy  to  describe 
■be  .state-  of  a  vibrating  system, 

ill.  u.se  of  energy  variables  allows  Figure  1.  Overview  of  SEA 

dii  u.sf.  f, f  simple  pov/er  balance 
.  i  •  i  op.s  to  describe  the  inter- 

:  ■'  ion  of  coupled  .svstenus.  It  also  allows  a  unified  treatment  of  both  structural 
■  1.1  .lonu.st.ic  subs’/.stems  .  Hov;ever.  we  must  learn  to  accept  predictions  of  energy  and 
■o  i-.f-  predicted  energy  levels  to  obtain  the  response  or  stress  variables  that 

I.  of  more  immediate  interest.  Fitiall'v,  we  must  consider  the  Analysis  aspect  of 
,  Tip'  df-pendence  of  SE.A  [)arnineters  such  as  modal  density  and  coupling  loss 
oa  'nt-  OP  fuiometrio  and  material  proyjerties  of  the  system  being  studied  must  be 
’  V;'  !■'  rs  !  oor!  . 
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l;  i  s  :  or  ical  1 V  ,  viliration  analysis  has  focust'd  on  tlie  low  fi'eqnency  ratigt- 
•  ror.pas  s  i  nr,  me  fils*  few'  resoiiance  frequencies  ot  the  siructurc;  being  studied, 
'ir.ns  .  ri  iarqe  iraitiier  of  analytical  and  numerical  techniques  have  been  developed 
i-'Cilirig  with  low  ire<juencv  vibration  problems.  None  of  the.se  technique.s  are 
■ r  t  i  c  u  1  ar  1 V  ’.veil  suited  for  vibration  or  acoustic  problems  in  which  a  large  nuinlie 
.f  mode.s  contribute  to  the  overall  respon.se.  The  techniques  of  vibration  analysis 


1  h>  Dll  ll'hiCier  1  ell!'.!.  i'iiiLLc:  Ci-criiiC-i 


lavc  Deen 


Ly  enb.anced  over  the  p.a 


COMIL'CTID 

STRUCTURE 


It)  to  20  years.  .\lthough  these  techniques  are  valid,  at  least  in  principal,  for 
larte  s'vstems  with,  man*.*  mode.s,  their  use  is  often  impractical,  particularly  when  tli^ 
e:-;c  i  "at  ion  i.s  tcindoi!)  and  distributed  over  the  structure.  The  use  of  these  tech- 
mn’ut-s  requires  a  large  number  of  degrees  of  freedom  and  extensive  computational 
pc.’wer.  .Although,  these  requirements  can  be  met  by  available  computers,  the  cost  to 
develop,  heck  .ind  validate  a  large  model  can  be  prohibitive.  SEA  provides  a  new 
Ccipabilitv  for  t.he.te  problem.s.  Since  the  modes  are  treated  statistically,  thev  can 
*,’£•  divide-d  into  a  relativel*/  small  number  of  groups  of  .similar  modes  thereby  great  1\ 
reducing  the  number  of  degrees  of  freedom.  .Although  the  name  Statistical  Energy 
Analy.sis  i.s  new  the  concepts  behind  SEA  liave  been  known  for  a  long  time.. 

Lord  .d.tieigh  is  gener¬ 
ally  recogp.in.ed  for  his 

.,  .  RANDOM  EXCiTAiIOiJ 

r  unclamental  contributions  to 

■.'i  brat  ion  analysis  and  his  ^ 

w.ork.  can  be  con.sidered  to  be  -  ~Iil  '  ’ - ’ 

the  f  o'.indat  Lon  of  modal  an-  CONNECTED  - l-i-  r  -1  .1 J  ..  -  CONNECTED 

alvsis  :ii,  Inte-estingly,  STRUCTURE - - ^STRUCTURE 

H  a  y  1  e  i.  ,gh  i  w  i  t  h  J  e  a  n  s  12]) 

''an  al.so  he  credited  with 

"he  idieas  leading  to  SLA.  TRAVELLING  WAVES 

al*  h.ough  Ins  applications  . 

we.-'e  oriented  toward  the  , -  IT  ^  ,■ - , 

I  I 

radiation  of  electromagnetic  ^  - — j-. - - — ■  i 

'-nergv  by  a  hot  body.  "FoI-  [  ^2 - - !  ^^2  | 

lowing  .Rayleigh's  approach,  p 

'.■■.■'juisL  ]  li  ’  formulated  the  ^  n 

proljiem  of  rherm.al  nois6'  in  l.fFT  TRAVELLING  WAV!  S 

•  it!  electrical  circuit  using 

an  approach  that  is  amazing-  Figure  2.  Vibration  Tran.smiss ion  from  a  Structure, 
iy  like  S  E.-‘>. .  Adopt  i  rig  this 
■■ipproa'ih  t  (j  s  t- r  uc  t  u  !',3  1  vib- 

r-;*ion.s  we  consider  the  vibrations  of  a  one  -  dimens  ional  structure  (a  beam)  excited 
t-'.'  -1  'andoin  d  i  s  t  r  i  !.)u  t  ed  excitation,  as  shown  in  Figure  2,  The  beam  is  connected  at 

'  -.'.ii  end  fo  'ifiier  .structure.s  which,  for  this  example,  will  be  considered  to  be 

si  i;  i  l<ir.  We  consirii-r  the  ca.se  where  the  beam  lias  many  modes  of  vibration.  Erich 
i  ode  i  .ni  df-coirpo'iefi  into  two  travelling  waves  -  one  travelling  to  the  rigju  and 
SI  tisvo-lling  lo  rl.ie  left.  Thn.s  .  the  vibration  field  in  the  beam  can  he  cons  i  dr  is  d 
i:  ■  e  ;  .  of  a  numbe’-  <;i  vihrat  ion  'waves  with  voiriou.s  amplitudes  and  pha.st-.s 

■  :  i  i:);'  in  .  .sei:  direo.r.ion.  By  syinmetrv  the  energy  in  the-  right  -travc-lling  ainl 

ie;  '  -r  r.i’.'e]  1  i  ii;j  .  r :  ran  he  cons  i  fie  rcfl  to  he  t-rp.ial  ,  The  pov.'or  inciflent  fin  tlu- 

r  i  g,L  *  'or  ]ef  >  ■  t  ion  i.s  given  liy  one  half  t  lie  energy  density  in  the  beam  t  inns 

.ruo-q,  spi.-d  <  '  \ii-  -iji.  ed  with  whicLi  t-nf-rgy  can  he  cfindncted  in  the  beam).  .At  the 

’  ;i!'  '  ion  a  frarf  ion  'jf  r!i<-  incifif-nt  pfi-wer  i.s  transmitted  to  the  connected  stinc’ui't 

■  ir:  1  'ne  rest  i  •,  I  1  ef  t  <  d  ,  The  r.it  it)  fi  f  I  lu-  transmitted  power  to  t  lie  iiu'ideiit  pow,  r 

i ,1  t  ransif' i  .0 i  on  e  r  ,f.  t  f  j  e  i  ,•  ti  t  ,  t  ,  which  i expressetl  in  Equation  1  in  terms  of  the 
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ixiviin: 

BEAM 


RIGHT  TRAVELLING  WAVES 


BEAM,  Z1 


EfFT  TRAVELLING  WAV! S 


A'ibration  Tran.smiss  ion  from  a  Structure. 


iw  flf-c'Ciir:pO'-;f-fi 
■111  ng.  t  O  t  lie  1 
'il  a  numbe,’'  of 


impedances  of  the  structures,  where 
is  the  complex  impedance  of  the  beam,  Z2 
is  complex  impedance  of  the  structure 
connected  to  the  right,  and  and  R2 
are  the  resistances  (real  part  of  the 
impedances).  The  povv'er  transmitted  from 
the  beam,  (1),  to  the  connected 
structure,  (2),  is  now  given  by  Equation 
2.  ’.there  e^^  is  the  energy  density 
(energy  per  unit  length)  and  c  ^  is  the 
group  speed.  The  energy  density  can  be 
assumed  to  be  uniformly  distributed 
along  the  beam,  and  therefore  can  be 
expressed  as  the  ratio  of  the  total 
energy,  ,  to  the  length  of  the  beam, 


4  R,  R. 


12 


W 


trans 


W 


12 


trans 


12  "1  V 


12 


12 


2U 


L 


1 


^1  ’ 

The  power  transmitted  can  then  be 
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written  as  Equation  3.  The  quantity  in 
brackets  is  recognized  to  be  the  inverse 
of  the  modal  density  of  the  beam.  Thus, 
the  power  transmitted  in  a  band  of 
frequencies  Af  can  be  given  in  terms  of 
the  modal  energy,  c^,  by  Equations  4  and 
5 .  From  this  result  we  see  that  the 
power  transmitted  from  the  beam  to  the 
connected  structure  is  proportional  to 

the  modal  energy  and  a  power  transmission  coefficient,  which  can  be  expressed  in 
terms  of  the  impedances  of  the  structures.  Returning  to  Nyquist's  formulation  the 
beam  is  an  electrical  circuit  and  the  terminating  structures  are  assumed  to  be 
resistors  with  a  resistance  R.  The  energy  of  each  mode  in  the  circuit  is  assumed  to 
be  the  same,  at  least  statistically,  according  to  the  equipartition  theorem  of 
statistical  mechanics.  The  modal  energy 
is  set  to  equal  kT  where  k  is 
Boltzmann's  constant  and  T  is  the 
absolute  temperature.  In  the  absence  of 
any  sources  and  under  the  condition  of 
thermal  equilibrium  the  power 
transmitted  to  the  resistor  must  be 
equal  to  the  power  generated  by  the 
resistor  due  to  thermal  noise.  This 
emitted  po'wer  can  then  be  given  by 
Equations  6  and  7.  The  corresponding 
mean-square  current  in  the  line  is  given 
by  Equation  8  and  the  voltage  required 
to  generate  this  current  is  given  by 
Equation  9.  Combining  these  results  we 
can  represent  the  thermal  noise  of  the 
resistor  by  a  source  voltage  given  by 
Equation  10.  Although  this  formulation 
by  Nyquist  is  60  years  old  it  continues 
to  ser’/e  electrical  circuit  designers. 

Hopefully,  SEA  will  also  continue  to 
ser’/e  designers  60  years  from  now. 

In  deriving  the  results  above  we 
have  assumed  a  state  of  thermal 
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L-.iv;  i  L  i  b  r  i  lull  exists  so  that  the  power  transmitted  equals  the  pov.'er  returned.  Tills  is 
lu't  alvavs  the  etise,  particularly  tor  viiiration  and  acoustic  prolilem.s.  Howei'er,  we 
can  extend  the  aboi-e  an.alvsi.s  so  as  to  express  tlie  net  power  as  the  difference 
bt'twcu'n  .'nodal  ener pit’s 


’.Ills  resiil:  ,  that  rile  net  power  transmitted  is  proportional  to  tiie  difference  in 
mod.al  energies,  is  the  basic  result  underlving  SEA  [4]  .  It  allows  a  power  balance 
to  if  performed  in  which  the  p>ower  inpiut  to  a  system  from  vibration  and  acoustic 
sources  i.s  iialanced  w’itii  tlie  sum  of  the  power  transferred  to  other  connected 
s“rn,cture  and  tlie  power  dissipated  due  to  damping. 

credit  for  recognix ing  that  the  statistical  theory  used  bv  Ravleigh,  .Jeans,  and 
i.'v.,; uis;  inui  relevance  to  vibration  problems  must  be  given  to  R.  H.  Lvon.  liis  paper 
witn  d .  .Maidanik  5] ,  "Power  Flow  Between  Linearlv  Coupled  Oscillators,"  can  be 
i-'.iiteci  as  being  tiie  birtii  of  ,SE.A,  although  tlie  name  had  not  yet  been  formed,  Mar.v 
otifis  working  in  the  area  of  vibration  and  acoustics  must  also  be  given  credit,  for 
’.fc  ■  u-.n  i  r.  i  ng  the  importance  of  using  a  statistical  approach  in  describing  the 
■.'i  b  ra  t  i  on.s  of  complex  svstems. 

Previous  to  Lvon's  work,  Powell  [6]  formulated  the  response  of  a  finite  plate  to 
an  exciting  pressure  field,  Pow'ell  showed  that  the  response  spectrum  for  the  plate 
■.'.an  he  approximated  by  that  for  an  infinite  plate  if  the  damping  is  sufficiently 
lai'ge  as  to  cause  modal  overlap.  This  restriction  on  damping  is  not  valid  for  manv 
tvpi('a]  structures.  However,  Powell  went  on  qualitatively  and  sliowed  that  the 
u'crage  spectral  level  over  a  band  of  frequencies  can  be  approximated  bv  the 
response  -Spectral  level  of  the  infinite  plate  if  the  band  encompasses  many  reson- 
.uu'e.s  of  the  plate.  At  approxim.aCely  the  same  time,  Skuoizyk  [7]  advanced  the  idea 
;:.,!■  the  point  impedance  of  an  infinite  panel  is  equal  to  the  impedance  of  tlie 
rinite  pant'l  if  that  impedance  is  averaged  over  a  band  of  frequency.  Skudrxvk  a.l.'-o 
pointed  out  the  role  of  the  modal  density  as  a  bridge  between  the  behavior  of  finite 
.iiid  in, finite  system.s.  Although  Powell  and  Skndrzyk  were  among  the  first  to 
r'.'oognize  that  statistics;  e.g.  frequency  averages,  could  be  used  to  advantage, 
other.s,  such  as  Maidanik,  Smith,  ileckl,  Bolotin,  and  Ungar  made  important 
cont  ribut  ion.s  to  the  problem  of  understanding  the  behavior  of  coupled  structures  an(.i 
icoustic  space.s  that  have  become  a  part  of  SEA  [Aj. 

Bv  1765  the  ba.sic  concepts  of  SEA  had  been  developed,  but  the  technique  had 
app'lied  to  only  a  few  cases.  In  the  period  from  1965  to  1  975  the  app  1  i  ca  t  i  on.s 
.  :  SE.-\  were  greatly  expanded.  Manning  [8]  and  Scharton  [9]  made  early  contributions 
ipplvin.g  SEA  to  system.?  with  many  SE.A  mode  group.?.  Others  such  as  Crocker  110' 
uid  .f-'rdiv  11’  expanded  the  use  of  SEA,  The  period  from  1975  to  1980  saw  a  slow 
..xpansion  of  SEA  applications.  However,  it  was  becoming  clear  that  the  calculation 
■r  .SEA  coupling  loss  factors  was  not  a  simple  procedure.  Two  approaches  emei'gcd  lor 
T  r  I.',  •.  i  ng  coupling  loss  factors:  the  mode’  .ipproach  and  the  wave  approach. 

;  I'-wing  t  he  mode  approach  coupled  structures  are  described  in  terms  of  coupled 
:  ill  wit;  ,i  mode  -  to  -  mode  coupling  factor  being  i.ised  for  eac'h  pair  of  coupled  ii'odi  .s  . 

•  '.'.owing  the  wave  approach  the  dynamic  response  of  coupled  striu'tures  is  describid 
:•  'iris  of  travelling  wave.s  u.sin.g  t  ransm  i  .ss  i  on  coefficients  aiut  impedance  .an.ilvsi.s 
■  ’  :il':uiate  a  coupling  lo.s.s  factor.  .A.s  slumld  be  expected  t  lie  two  .ippinaches 
i-nirall’.'  lead  to  the  sanif-  result  '17;.  Trie  original  d- ■  r  i  ■  la  t  i  on  bv  l.vnn  used  the 
nil'.’  atpro-ir'ti  and  this  iqiproaeb  ennt  inue.s  to  be  of  interest  .  'i'liose  C('ntribut  i  ng,  to 
appjro.icii  includf'  I, von.  Seh.a  i' t  on .  i'n.gar,  '.'(wland,  .and  mos,;  laci-nt  I  lioodhoiua  , 

■  r  i  va '  i  on  siiown  abo'-v-  in  this  p-ipi’T  follows  the  v;ave  app  ro.tu’l  i  .  Tli  i  s  appro.ich 


;•  .  I'iins,'  i-diit  r  i  !'m;  i  !;r,  to  t  lu'  wave  approach  inclvicie 
1 .  .  1 : ! '  i  l-l'iofi'- 

■ !  i  car  i  cc.K  of  ShA  aii-  important-,  rhf  significant 
.\is  tile  ilo'.a- !  opiia-nt  oi  getieral  purpose  SEA  software 
'oi  t  i -.a- .  I;:C.  he.Jons'.  and  Powell  developed  a  general 

is  'if  i  nc,  rrarkfrfd  hv  that  company.  Although  the 
.  i  I'.n  i  t  i  I  ant  1  V  i  irp  rii-.'ed  .  the  ba.sic  flow  of  their 
i,s  hii-n  pcfsorved.  Two  other  programs  of  significant 
;  i  :  f  1 thf  saitf  time:  Cosmic  SEA  by  McDonnell  Dougla 
rc'iitw.'.rf  i,;-oi;rams  are  available  from  the  University 
,  i  on  L  d'o  .-.it  f  rv  .  re.spec  t  i ve  ]  V  .  Of  the  three  programs 

1  h.is  iiffn  irseci  for  the  ino.st  diverse  range  of  problems 
lif  ;  !  cop  :  i- rs  .  cons  tfuc  t  ion  equipment,  automobiles, 

;  isi'.'f  iiffi!  df'.-floped  using  SEAM.  The  VAPEPS  program 
Sid  e!:v  i  roi’ment  s  for  spacecraft  structures  and  has  the 
iita  base,  wiiich  c.an  lie  used  t:o  compare  and  catalog 
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T'tf  :-’fr’.eral  procedurs  lor 
■flo;.iin;-  .it!  SEA  ir.odel  is  .shown  in 
)1(  I.  Following  this  proc'edure  there 

■  .s  i  s’ep.s.  llie  first  three  stt-ps 
ic;-,,!!.-  tfqtiii't-  .soire  experience  i fi  SEA 
Ifllt!...'  it!  that  t:he  selection  of 
i.svsti-ii's  an.d  j  utis' t- i  on.s  cait  have  a 

•fct  effl-ct  on  the  results  obtained, 
ps  i  rl'.rough  A  of  the  procf’dure  may 
piii-f-  significant  computations,  but 

■  genr' ra  1  1  V  amenable  to  i  mp  leiiK-nta  t  ion 
a  g,fn(-r;ii  pi..irpose  SF..A  software 

IP, ram.  The  .SEAT!.  VAPEPS,  and  COSMIC- 
.  prop,!' airs  ai'f  thr<-e  e-x.-iirpl  es  of  such 
■  w.i  ff  propp'ai.rs  . 

Thf  fir.st  step  of  thi.'  general 
.CfCpi;-.'  i  .s  to  idf'ii'if  -,-  SEA  sub.s vs t eins  . 

itiiihfi'  of  subs', ts  r  fits  de'- 1'  rmines  the 
'.•a'  of  ilfp,)-.  f.s  of  fret-dom  in  tht>  SKA 
:•  1  iial  tiif.  nuirhfr  of  fqinitions  tliat 
•  h.  ■;  ^|■.'(•d.  Each  .subsvstf-m  consists 
.  proup  of  n:odes  of  i  h I'a t  1  oi i .  Thu- 

p.  f  .)f  !  rccflnm  is  thi'  modPil  i-iif-rg//  oi" 

’■  a.c'  .a;.  I'ig,-  t'c  r  itodi-  of  'lie  g,roup, 
tiof.c’i;  i'  is  not  1 1* -c  (■  s  .s,'i  f/ .  'he  ident- 
joi;  of  in'cif  p.i'oup.s  c.'ii!  be  done  bv 
'.t  'p  Ac;  •  f  ;c  r  ur  i  ni'  the  overall  dvnamic 
'•■i:'  in'o  s't  of  conpilfal  structui'es 
■f  O'i';-  i'  spacfs.  The  siructuies  are 
■a..;  1  ■.  ;  cpi  s  >  I!  ‘  "  d  !t.'  hom'igeneous 

f'PiiifS,  pipji'S.  [ilafi'S,  .sliclls, 
'■'i'ia  C  r  1  rio  ■  ro[>  i  c  phate.';  .'ind 
i  s  i;  1 i."  rfi|'iii'iMl  >  nr  soiti-  mode  1  . 


Step  1:  Identify  SEA  Subsystems 

Substructure 
Identify  similar  modes 

Step  Identify  Junctions 

Point,  line,  and  area 
j  unc  t ions 

Ste.p  i:  Compute  Power  Inputs 

Impedance  formulation 

Step  4;  Compute  SEA  Parameters 

Modal  densities 
Coupling  factors 
Damp i ng  fac  tors 

Step  f) ;  Power  Balanctt  Equations 

Form  matrix  equation 
Solve  for  modal  energies 

Step  C :  Response  Statistics 

Relate  to  modal  energies 
.Mean  re.spon.se 
Standard  deviat.  ion 


Table  I.  (A'nei'al  Procedure  for  SE,A. 


The  acoustic  spaces  are  generallv  represented  bv  one,  two,  and  three  dimensional 
spaces.  The  modes  of  each  substructure  are  then  div'ided  into  groups  of  similar 
modes.  For  example,  the  modes  should  be  grouped  according  to  their  resonance 
t requeue- ies  with  modes  having  resonances  within  a  given  one- third  octave  band  being 
grouped  togett-i°r.  The  modes  should  also  be  grouped  according  to  their  direction  of 
response.  For  example,  the  bending,  longitudinal,  and  torsional  modes  of  a  beam 
should  be  grouped  separately.  In  plate  structures,  the  bending,  longitudinal,  and 
sltear  modes  may  be  grouped  togethe'’,  although  the  longitudinal  and  shear  modes  are 
often  grouped  together  into  a  single  mode  group  because  they  are  strongly  coupled  In 
most  structures  and  can  be  expected  to  have  the  same  modal  energies.  A  simple 
example  of  substructuring  and  mode  group  identification  is  shown  in  Figures  3  and  4. 

The  connections  hetw-en  the  subsystems  are  identified  in  terms  ot  junctions. 

In  general  the  junctions  can  be  idealized  as  point,  line,  and  area  junctions.  The 
t'vpe  of  j>.inction  and  the  subsystems  connected  at  the  junction  determine  the  coupling 
factors  between  the  subsystems.  Two  computational  methods  exist  for  determining 
tliese  coupling  factors:  the  mode  approach  and  the  wave  approach.  It  can  be  shewn 
that  both  approaches  lead  Co  the  same  coupling  factor.  However,  In  general  the  mode 
approach  is  more  useful  for  systems  with  a  fixed  number  of  resonance  frequencies 
while  the  wave  approach  is  more  useful  for  continuous  systems.  For  those  interested 
in  calculating  their  own  coupling  factors  there  are  a  number  of  references 
available.  Most  of  us,  however,  are  content  to  use  the  coupling  factors  from  the 
available  software  programs  so  that  we  can  focus  more  attention  on  selecting  SEA 
subsystems  and  junctions. 

The  calculation  of  power  input  from  vibration  and  acoustic  sources  can  be 
carried  out  either  by  specifying  the  excitation  forces  or  by  specifying  the  modal 
energy  of  the  excited  subsystem.  Using  the  first  approach,  an  impedance  analysis  is 
used  to  calculate  the  power  input  to  the  system.  In  this  approach  it  is  assumed 
that  the  excitation  forces  are  unaffected  by  the  vibrations  of  the  system  being 
excited.  The  source  is  assumed  to  have  infinite  impedance.  This  assumption  is 
often  not  appropriate.  A  related  procedure  is  to  specify  the  vibrational 


displacement  (or  velocity  or  acceleration)  of  the  source.  An  impedance  analysis  can 
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still  be  u-seci  with  the  source  hi^ving  an  zero  impedance.  Again  this  assumption  may 
nor  he  appropriate.  Although  an  impedance  analysis  can  be  carried  out  '/ich  a  finite 
source  impedance,  the  second  approach  of  specifying  the  modal  energy  of  the  excited 
subsystem  is  generally  more  useful.  This  is  particularly  true  for  acoustic 
excit.i:  ion.  Since  the  pressure  acting  on  the  structure  can  be  affected  by  its 
response,  the  best  procedure  for  specifying  the  source  is  to  create  a  large  acoustic 
space  and  to  specify  the  modal  energy  of  that  space  using  Equation  13  to  relate 
modal  energy  to  mean-square  pressure.  Remember  that  the  mean-square  pressure 
measured  on  a  rigid  surface  will  be  twice  the  mean-square  pressure  in  Equation  13, 
which,  is  thie  mean-square  pre.ssure  away  from  any  surfaces. 


PRESENTATION  OF  SEA  PREDICTIONS 


u.sing  SEA  wt.  obtain  predictions  of  the  modal  energies  of  each  group  of  modes 


■i.seti  to  describe  the  dynamic  respon.se  of  the  complex  system  being  studied.  Although 
it  is  possible  and  perhap.s  desirable  to  develop  design  criteria  based  on  vibratory 
energy,  this  has  not  been  done.  Tims,  we  are  generally  interested  in  predicting 
response  variables  such  as  acceleration,  pressure,  stress,  displacement,  etc.  rather 
rhan  modal  energies.  In  addition,  we  are  often  interested  in  validating  the  SEA 
predictions  by  comparing  them  with  measured  data.  Since  energy  cannot  be  measured 
directly  but  must  be  inferred  through  response  measurements  at  specific  locations, 
we  are  again  interested  in  predicting  response  rather  than  modal  energies. 

To  obtain  response  predictions  from  energy  we  u.se  the  SEA  assumption  that  the 
d;,'namic  response  of  the  system  is  dominated  by  the  resonant  response  of  the 
individual  niodes .  Thus,  we  can  take  the  time-average  kinetic  and  potential  energies 
to  be  equal.  In  the  case  of  structures  the  mean-square  response  velocity  averaged 
over  the  spatial  extent  of  the  structure  can  be  related  to  the  time-average  kinetic 
energy  (which  is  taken  to  be  one-half  the  total  energy)  the  structure  mass  and  the 
modal  density, 
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Similarly,  for  accustic  systems  the  mean-square  pressure  avera^d  over  the  spatial 
extent  of  the  structure  can  be  related  to  the  time-average  potential  energy,  which 
0  be  one-half  the  total  energy, 
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-  rhe  /icnnst  i  c  coiripliance  C  i  .s  given  by  V/pc^.  If  we  define  a  structural 
i.ifif'e  as  V/E  ,  where  V  is  the  strui'.ture  volume  and  E  is  an  extensional  modulus 
sps  .'•hi,  li  1 1  n.s  fnr  h.aip.s  or  platc.s,),  Equation  13  can  also  be  used  to  predict  the 
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and  modal  energy  can  also  be  expressed  in  terms  ot  tht 


lu-  measurement  point  as 


POWER  IN 


Fig.  7  Power  Input  to  the  Passenger  Fig-  8  Power  Balance  for  the  Floor  Panels 

Acoustic  Space 

The  pie  charts  give  an  effective  presentation  of  the  power  input  to  a  subsystem 
and  thereby  assist  in  identifying  the  primary  noise  sources.  However,  the  pie  chart 
does  not  shov;  a  complete  picture  of  the  power  balance  for  the  subsystem.  This 
objective  is  best  accomplished  using  bar  charts.  For  the  example  of  the  automobile 
interior  v;e  may  be  interested  in  the  power  balance  for  the  floor  panels  since  they 
were  found  to  be  the  major  source  of  interior  noise.  A  bar  chart  for  the  power  in 
and  power  out  to  connected  subsystems  and  to  damping  is  shown  in  Figure  8.  Bars 
ex teiiding  above  the  midline  represent  power  input  to  the;  subsystem.  Bars  extending 
below  the  midline  represent  power  dissipation  or  power  leaving  the  subsystem. 

P'.xami nation  of  these  charts  allows  the  vibration  engineer  to  identify  the  subsystems 
and  path.s  of  vibration  transmission  contributing  most  to  the  vibration  or  acoustic 
levels.  Vibration  and  noise  control  can  then  focus  on  these  important  subsystems. 

EXAMINATION  OF  SEA  ASSUMPTIONS 

A  key  premise  of  SEA  is  that  the  resonance  frequencies  can  be  considered  to  be 
random  variables.  Of  immediate  concern  then  is  the  assumed  probability  distribution 
of  f  he  re.sonances  and  the  influence  of  the  assumed  distribution  on  the  SEA  pre¬ 
dictions.  Many  of  the  basic  concepts  used  to  describe  stochastic  processes  can  be 
afjplied  to  the  problem  of  describing  resonance  frequencies  statistically.  In  most 
ija.sic  reference  material  the  stochastic  process  is  considered  to  be  a  random 
f'lnr'tiori  of  time.  We  can  make  use  of  these  references  if  we  substitute  frequency 
for  time.  The  occurrence  of  a  resonant  frequency  can  be  considered  to  be  a  random 
"evenf.”  occurring  a.s  a  function  to  frequency  rather  than  time.  This  allows  us  to 
define  a  re.conant  frequency  (or  mode)  counting  function,  which  is  a  positive, 
iiitfger  valued  function  of  frequency  which  increments  by  one  at  each  resonance 
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:  ro  u- :  Ik' i  1  o’’  ;  iu-  rt-siil  t  s  ot  SKA  lur/e  bfeii  obtaink-d  bv  a  s  .suiii  i  i'.;', 

:ii  i'  •  b.k  I'l-' '-av.’.ai'.t  !  ra'iiu-ra'v  aoMTi.i  ip.P,  tianct  ion  is  a  I'ois.soii  Process.  This  ..assuinf)'  ioa 
::as  ‘  a.  t  i’  dc  in  La.i'id-  part  lu'Cause  of  tTie  extcn.sive  use  of  this  t 'cpi-  of  randoiii 
pa'o'cs.s  'o  .st'cd.'.'  SO'-!:  r.-nnion;  c-'.'onts  such  as  the  i'ailure  of  iniich  iiic.s  ,  noise  in 
clacrron  tulu-s,  arri’-’a!  of  cost  orp.ers  at  a  ticket  window,  price  inovt'inents  in  tlie 
.a  c’sro' 1  i  t iiarhat,  and  tiie  spatial  distribution  of  biological  species.  Be';'ause  of 
tiiis  use  iiainv  results  are  available  regarding  the  statistical  description  of  the 
:>,',!n..;K'e  f  1  eque nr  Li> s  oi  tiie  mvide.s  of  a  structure  or  acoust  ic  space. 

in  ;t  paper  publislieci  in  197t>  Lvon  '13]  discusses  the  influence  of  tlie  nss'jirpt- i  on 
a> ;  tlait  t’ne  resoi'iar'.ce  f  reqvu  n.cv  counting  function  is  a  Poi.sson  Process  on  tile  SK.A 
p  rr  r; ;  c  r  i  ons  .  He  concludes  that  the  SEA  predictions  of  itear.  modal  rgv  valites  are 

s  i  ra.  1 1  ic  tin*  Iv  affected  hv  tlie  form  of  the  probabilitv  di  str  ibut  icni .  Tire 
•-■a. !  i.ii.ce  ,  iua.vever.  w.as  s  i  gni  f  icarrt  1  y  affected.  In  manv  of  the  recent  applications 
't  SK.A  ','ariance  has  been  used  to  predict  the  peaks  in  the  vibration  or  acoustic 
rrsponsc-  spectra,  since  manv  des'gn  criteria  are  based  on  eirvelopes  of  the  .Dpi-ctra 
r  itlv'!’  tb.an  iteaT’  values.  As  a  consequence  we  must  examine  in  more  detail  the 
ntrh  r  I”  i  nssumption  that,  the  I'esonance  frequencies  can  be  described  bv  a  Poi.s.soi; 
Process  . 

One-  test  the  validity  of  the  Poi.sson  assumption  is  to  form  tire  probabilitv 
d;  St  riiiiit  ion  for  the  intervals  between  resonance  frequencies.  The  spacing  intervals 
-ii'c  formed  bv  sorting  the  resonance  frequencies  in  ascending  order  and  calculaciirg 
‘he  sp'seing  between  a  resonance  frequency  and  i  t.s  next  neighbor.  If  the  underlving 
rr-sor.  .nee  frequency  counting  function  is  Poisson  the  spacing  interval.s  must  be 
s  t:  ,i  t  i  .s  ica  1  ]  y  independent  and  distributed  according  to  an  exponential  distribution. 

Beiore  the  development  of  finite  element  modelling  it  was  difficult  if  not 
1  ::t;..oss  i  b  1  e.  to  predict  or  measure  the  resonance  frequencies  of  complex  structures  at 
high  frequencies.  Therefore  in  Lyon's  paper  examples  from  electromagnetic  exper¬ 
iment. s  -ire  used  to  study  the  underlying  frequency  spacing  statistics.  The  use  of 
finite  element  models  now  makes  it  possible  to  study  frequency  spacirig  statistics 
for  complex  structures. 

In  Figure  9  wc-  show  the  counting  function  for  resonance  frequencies  of  the 
ititerior  of  a  large  vehicle  (solid  line).  The  resonance  frequencies  were  obtain 
frotp  a  finite  element,  model  of  the  interior  space.  To  test  whether  the  Poisson 
Prooes.s  is  a  good  model  for  these  resonance  frequencies  we  must  compute  resonance 
frf-rp,K.ncy  spacing.?  (the  difference  between  adjacent  resonance  frequencies)  and 
mrnialize  h«  .spacing  so  that  so  that  the  average  rate  of  occurrence  of  resonance 
frequencies  is  constant  over  the  range  of  frequencies  being  considered.  The  mean 
rare  of  occtirrence  of  resonance  frequencies  is  equal  to  the  modal  density  of  the 
s vs  tern,  which  can  be  calculated  by  smoothing  the  resonance  frequency  counting 
fuicrion  and  di t ferentiating  with  respect  to  frequency.  Thus,  we  can  normalize  the 
resonance  freq\.iency  spacings  by  multiplying  each  spacing  by  the  modal  density,  which 
;ra'/  he  a  function  of  frequency.  A  smoothed  resonance  frequency  counting  function  is 

stirj'.v'ri  in  Figure  9  (broken  line).  Using  this  smoothed  function  we  obtain  the 

resor.'ance  frequency  spacings  shown  in  Figure  10.  These  certainly  look  random!  The 
i!orri;a  1  i  zed  frequency  spacings  are  then  sorted  into  bins  to  obtain  an  estimate  of  the 
p  r  obah  i  1  i  t  •/  d  i  s  f  r  i  but  i(ui  function.  This  is  shown  in  Figure  11  and  compared  to  an 

e  :  Vi  r  le  rv  ial  ri  i  .s  t  r  i  but  i  on  . 


The  term  "counting  funrttion"  is  consistent  with  terminology  vised  in 
de r;  r  i  ii  i  tig  r  andoii’  processes.  However,  in  room  acou.stic.s  and  in  several  papers 
on  'SKA  tie-  term  "cumulative  mode  count"  or  "movie  count"  is  vised  for  this 
f  ir.et  ion,  Sinev-  L'.ori  *  defines  mode  count  vlifferent  1 'v  we  prefer  to  use  the  term 
f  o  !  1'  ‘  i  n  ;■  f  '  It  V  t  i  o !  I  to  a'.'f)  i  (1  r  on  f  1 1  s  i  vin  . 
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Fig.  9  Resonance  Frequency  Counting 
Function 


Fig.  10  Inverse  Normalized  Frequency 
Spacing 
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y..  11  Probability  Di.str ibution  of  the  Fig.  12  Probability  Distribution  of  the 
Frequency  Spacing.s  -  Vehicle  Frequency  Spacing.s  -  Ship 

Interior  f’oundation 


The  comparison  is  quite  good,  whicli  suggests  that  the  underlying  process  is  Poisson. 

The  resonance  frequency  spacing  statistics  for  a  second  case  is  shown  in  Figure 
If.  The  resonance  frequencies  for  this  case  art  from  a  finite  element  model  of  a 
laige  ship  foundation  and  'null  stru-^ture  out  to  a  major  bulkh.cad,  A  model  with 
approxijiiatelv  5,000  degrees  of  freedom  was  use  to  compute  the  first  100  resonance 
frequencies.  In  this  case  the  probability  distribution  function  fits  a  "nearest 
neighbor"  distribution  better  than  the  exponential  distribution,  which  suggests  that 
the  underlying  process  is  not  Poisson.  Physically,  the  deviation  from  a  Poisson 
Proces.s  may  »'esult  from  modal  coupling  which  causes  some  degree  of  repulsion  between 
adjacent  resonant  frequencies.  Note  that  the  nearest  neighbor  distribution  deviates 
from  the  expo’^eptial  distribution  for  small  values  of  spacing,  which  would  result 
from  the  repulsion  effect. 

The  difference  between  the  two  cases  shown  suggests  that  the  Poisson  assumption 
ir.av  be  valid  for  some  cases  and  nc’t  others.  The  author  believes  this  to  be  the  case 
although  more  evidence  is  needed  to  draw  definitive  conclusions.  Tlic  difference  in 
the  two  cases  studied  is  in  the  degree  of  modal  coupling  that  exists.  In  the  case 
of  the  vehicle  interior  the  boundary  conditions  and  cross-section  of  the  space  were 
taken  to  be  uniform  along  its  length.  Thus,  the  underlying  equations  describing  the 
acoustic  pressure  f Ivictuations  are  separable  so  that  eigenvalues  can  be  expressed  as 
the  sum  of  squares  of  the  cross  mode  eigenvalues  and  the  longitudinal  mode 
eigenvalues.  No  modal  coupling  occurs.  The  model  of  the  ship  foundation  is  much 
more  complex  with  plates  and  frames  aligned  in  different  planes.  In  this  case  the 
underlying  equations  cannot  be  separated  and  a  description  of  the  modes  requires  a 
coupling  of  the  modes  of  each  plate  substructure  in  accordance  with  a  modal 
synthesis  technique.  In  other  words,  modal  coupling  occurs. 

The  evidence  presented  above  suggests  that  further  research  is  needed  to 
determine  the  conditions  under  which  the  Poisson  assumption  can  be  used.  Given  the 
large  number  of  finite  element  models  that  are  available  readers  are  encouraged  to 
test  the  Poisson  Process  assumption  by  calculating  normalized  resonance  frequency 
spacing  statistics. 

C0"^TUST0NS 

Statistical  Energy  Analysis  can  be  effectively  used  to  predict  the  vibration 
and  acoustic  response  of  complex  dynamic  systems.  The  technique  is  particularly 
useful  at  high  frequencies  or  for  large  structures  where  many  modes  of  vibration 
contribute  to  the  response.  In  this  paper  we  have  shown  that  the  concept  behind  SEA 
-  treating  resonance  frequencies  as  random  variables  -  is  not  new.  However,  many 
vibration  engineers  may  be  uncomfortable  at  first  with  a  statistical  approach.  The 
key  parameters  in  SEA  are  the  modal  density,  the  coupling  loss  factor,  and  the 
damping  loss  factor.  The  calculation  of  these  parameters  is  not  always  simple. 
Fortunately,  software  programs  such  and  SEAM,  VAPEPS ,  and  COSMIC-SE.A  take  care  of 
most  if  not  all  the  ca  Iculat  ion.s .  This  greatly  aids  in  the  development  and 
application  of  SEA  modeling  and  has  made  SEA  a  truly  useful  engineering  prediction 
p'rocedi.ire  . 

In  iiio.sL  of  the  SEA  deve lopiiient  to  date  the  resonance  frequencies  have  been 
-nssuirfd  to  be  de.scribed  statistically  by  a  Poi.sson  Process.  It  has  been  shown  chat 
this  assumption  may  not  be  valid  for  complex  systems.  Although  the  prediction  of 
tiie  SEA  mean  is  not  strongly  dependent  on  the  as.sumed  distribut  ion  of  I’e.sonanre.s , 
c'ne  SEA  '/ariance  may  he  significantly  changed.  This  is  important  when  vising  SF.A  at 
low  frequencies  where  the  variance  can  be  quite  large.  At  these  frequencies  wc' 
weiulrl  like  to  improve  the  SEA  prediction  by  reducing  the  variance.  This  can  he  done 
by  i  iiip  r  o '.r  i  n  g  t  h(‘  a  s  .s  ump  t  i  on  regarding  the  di.striliut  ion  of  re.sonance  frequencies. 
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ABSTRACT 

The  purpose  of  this  paper  is  to  describe  an 
engineering  analysis  support  activity  which  involves 
the  collection,  analysis,  storage,  and  retrieval  of 
technical  environmental  information.  This 
information  is  at  the  disposal  of  system  and 
component  analysts  for  use  in  formulating  initial 
conditions,  forcing  functions  and  performance 
requirements  for  numerous  hardware  application 
evaluations.  This  paper  will  describe  the 
Engineering  Environmental  Data  Bank  system  which 
provides  this  information  service  to  many  Sandia 
Laboratories'  technical  analysis  efforts  and  other 
qualified  programs.  Its  structure  and  data  sources 
will  be  summarized. 


INTRODUCTION 

From  the  moment  of  its  manufacture,  equipment  is  exposed  to  one  or  more 
potentially  adverse  environments.  This  exposure  may  affect  the  useful  life 
of  the  equipment  during  storage,  transport,  handling,  and  use.  It  has  been 
found  that  it  is  useful  to  have  a  central  store  of  measured  environmental 
data  available  to  the  technical  community  to  aid  in  establishing  design  and 
test  criteria.  Such  a  "Data  Bank"  of  information  was  developed,  began 
operations  in  1959,  and  is  currently  being  maintained  at  Sandia  National 
Laboratories . 


SOURCES  OF  INFORMATION 

Environmental  information  for  inclusion  in  the  Data  Bank  is  acquired  from 
many  sources.  Military  agencies,  such  as  Aberdeen  Proving  Ground,  Wright 
Air  Development  Center,  Naval  Ordnance  Test  Center,  Air  Force  Environmental 
Technical  Applications  Center  (ETAC),  and  Army  QM  R&E  Center,  and  industrial 
groups,  such  as  railroads,  aircraft  companies,  and  trucking  concerns,  have 
contributed  information.  A  considerable  portion  of  the  information  has  been 
obtained  from  various  project  groups  within  Sandia  Laboratories.  The  Data 


*This  work  was  performed  at  Sandia  National  Laboratories  and  supported  by 
the  U.S.  Department  of  Energy  under  contract  DE-AC04-76DP00789 . 
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Bank's  operators  not  only  extract  information  from  published  sources,  but 
engage  in  specific  research  activities  to  obtain  data  not  otherwise 
ava i 1 ab 1 e . 


The  original  data  sources  are  referenced  on  each  entry  in  the  Data  Bank. 

STRUCTURE  OF  THE  ENVIRONMENTAL  BANK 


Environmental  data  can  be  defined  as  numerical  descriptions  of  the  aggregate 
of  all  external  conditions  and  influences  affecting  the  development  and 
survival  of  systems,  subsystems,  and  components.  For  efficient  collection 
and  evaluation  of  these  data,  fourteen  basic  environmental  categories  were 
established  and  the  filing  system  is  based  upon  them. 


Environmental  Categories 


1. 

Acceleration/time  histories 

8. 

Pressure 

2. 

Acoustic  noise 

9. 

Rad i at i on 

3. 

Atmospheric  contents 

10. 

Shock 

4. 

Biotic 

11. 

Temperature 

5. 

Fr agmentat i on 

12. 

Trajectory 

6. 

Humidity 

13. 

Vibration 

7. 

Precipitation 

14. 

Wind 

For  purposes  of  indexing  and  data  retrieval,  the  data  are  catalogued  under 
two  major  headings:  Normal  and  Abnormal  Environments. 

The  normal  environments  are  those  which  will  be  encountered  regularly.  They 
are  characterized  by  a  high  frequency  of  occurrence  but  relatively  low 
intensity.  The  abnormal  environments,  on  the  other  hand,  are  not 
encountered  often.  They  are  characterized  by  a  low  frequency  of  occurrence 
but  high  intensity.  As  an  example,  consider  wind.  At  any  given  location 
there  are  many  more  hourly  measurements  of  winds  ranging  from  calm  to  20  mph 
(normal)  than  there  are  of  catastrophic  winds  ranging  from  70  to  100  mph 
( abnorma 1 ) . 

Not  all  environments  lend  themselves  to  the  norma  1 /abnorma 1  division.  Three 
factors  operate  to  limit  the  number  of  abnormal  environmental  levels  which 
require  consideration. 

1.  Some  environments  reach  an  absolute  limit.  For  example,  humidity 
is  limited  by  ambient  temperature;  e.g.,  relative  humidity  cannot 
exceed  100  percent. 

2.  The  abnormal  aspects  of  some  environments  are  encountered  so 
infrequently  that  they  are  of  little  interest;  e.g.,  acoustic 
noise  of  such  intensity  as  to  cause  structural  damage. 

3.  Protection  against  the  effects  of  some  normal  environments 
includes  protection  against  the  abnormal;  e.g.,  protection 
against  entry  of  liquid  water  is  effective  in  a  cloudburst  as 
well  as  during  drizzle. 
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For  these  reasons,  the  abnormal  levels  of  environment  are  considered  only  in 
the  following  categories. 


Environmental  Categories 


Abnormal  Manifestation  Examples 


Accel erat i on/t ime  histories 

Fr agmentat ion 

Pressure 

Radiation 

Shock 

Temperature 

Wind 


Earthquake,  vehicle  collision 
Projectile  impalement,  explosion,  puncture 
Explosion,  immersion  depth,  crush 
Lightning  (direct  strike) 

Impact  (vehicle  collision) 

F  ire 

Wind  storm  (tornado,  hurricane,  etc.) 


All  of  the  environments,  in  both  normal  and  abnormal  aspects,  are  considered 
from  the  standpoint  of  either  input  or  response.  Definitions  are  necessary 
to  differentiate  input  from  response  data.  Whether  the  environment  can  be 
termed  input  or  response  is  often  dependent  upon  the  system  being 
considered.  Basically,  an  input  is  defined  as  "the  environment  to  which  a 
system  is  exposed"  and  response  is  "the  reaction  of  components  of  that 
system  to  an  input . " 


Under  the  input  and  response  headings,  each  of  the  categories  is  further 
divided  into  the  individual  use  phases  that  occur  during  the  life  of  a 
system : 

1 .  Handling, 

2.  Storage, 

3.  Transport, 

4.  Utilization,  and 

5 .  General . 


The  transport  and  utilization  phases  are  further  subdivided  into  the  type  of 
carrier  involved;  e.g.,  aircraft,  automobile,  railroad,  etc.  Figure  1  is  a 
diagrammatic  representation  of  the  cataloging  structure  of  the  Environmental 
Data  Bank. 


ENVIRONMENTAL  DATA  BANK  OPERATION 

When  either  raw  data  or  published  information  are  acquired  by  the  Data  Bank, 
they  are  reviewed  for  engineering  data  content.  Pertinent  information  is 
then  extracted,  assigned  a  numerical  index  number,  collated,  and 
microfilmed.  Two  forms  of  microfilm  are  currently  used;  aperture  cards  and 
microfiche.  The  data  cards  and/or  microfiche  are  filed  in  numerical  order 
without  regard  to  subject.  This  manual  technique,  along  with  the  use  of  a 
computer-aided  system,  makes  it  possible  to  maintain  a  flexible  file, 
permits  complete  data  retrieval,  and  makes  publication  of  a  current  index 
[1]  feasible. 

facilities  for  viewing  the  data  and  obtaining  hard  copy  are  located  at  the 
Bank  site. 

The'^e  is  a  two-part  number  listed  after  the  title  of  a  particular  Data  Bank 
entry  which  is  the  access  number  for  the  data  file.  The  first  number,  e.g., 
1614,  is  the  file  number.  The  number  after  the  dash  (-)  is  the  number  of 
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Pages  available  on  the  subject.  File  numbers  that  contain  an  alphabetical 
prefix  are  summarized  data.  Requests  for  hard  copies  of  data  generally  cite 
these  two  numbers.  For  a  large  data  request,  it  is  faster  and  more 
economical  for  the  Data  Bank  operators  to  transmit  the  data  to  the  requester 
in  the  form  of  duplicate  microfilm  aperture  cards  or  duplicate  microfiche. 

DATA  BANK  OUTLOOK 


The  index  and  selected  holdings  of  the  Environmental  Data  Bank  are  in  the 
process  of  being  installed  as  part  of  a  computerized  data  base  management 
system  under  development  at  Sandia.  This  system,  called  GREEDI,  is  being 
implemented  to  facilitate  management  of  and  access  to  current  and  frequently 
used  engineering  data,  and  is  discussed  in  detail  in  Reference  2.  Options 
for  upgrading  hardcopy  backup  and  reproduction  equipment,  which  is 
compatible  with  GREEDI,  are  also  under  investigation.  These  changes  are 
expected  to  significantly  ease  the  indexing,  filing,  and  retrieval  burden  of 
the  data  bank  manager  as  increasingly  more  digitized  data  become  available. 

REFERENCE 

1.  Davidson,  C.  A.,  Foley,  J.  T.,  Scott,  C.  A.,  DOE/DOD  Environmental  Data 
Bank  Index.  SAND  85-0155,  May  1985. 

2.  Adams,  C.  R.,  and  Kephart,  E.  M.  ,  "GREEDI  -  The  Computerization  of  the 
DOE/DOD  Environmental  Data  Bank,"  59th  Shock  and  Vibration  Symposium 
Proceedings,  October  1988. 


CREEDl  -  THE  COMPl  TERIZATION  OE 
THE  DOE/DOD  ENVIROMVIENTAL  DAI  A  BANK' 


(.harles  K.  Adams 
Saiidia  National  Lahoratorirs 
()rgani/,alir>n  1  522 
F.O.  Box  5800 
Albuquerqu*'.  !\M  87185 

El  :sa  M.  Kophart 
RE/SI’EC  Inc. 

Software  Engineeriiifi;  Division 
P.O.  Box  14984 
Albuquerque.  !\[V1  87191 

Oui'  ot  rlu'  uia  joi  i('sp()usibilitic>  of  Sauclia  Xatioual  Laboiatorics  i> 
to  (h'vt'lop  sliocjv  and  \'ibi'afii)ii  sj)ecifi('ati()iis  for  s^'sri'iii  iin’chauica!, 
1  ical.  anil  pyrota'cliuic  (‘oiupou<'nts.  TIk'  data  r('(iuir('d  to  ey'U- 
('rate  rlu'st'  sjx'i'itictitious  are  collected  from  biiite  element  amdyst's. 
from  l;d)oratory  simubition  ('XperiuK'iits  with  litirdwjire.  and  from  en- 
\'ironmi'Utal  tests.  The  prodtictioii  of  the  compouent  specihctitions  re- 
([uires  the  amilysis.  comptirisoii.  and  couthm;il  npdatiny,  of  these'  tlatti, 
Sanditi  Xtpiomd  Lahoratorie's  hits  also  imiinfaiued  the  DOE/DOD 
Lu\'iromn('ut;d  Dtirti  Bttiik  for  o\a-r  2o  ye'tirs  to  assist  in  its  slux'k 
;md  rdhi'titiou  eH'orts  ;is  we'll  as  ter  imiiuttiiii  elata  feer  se’\'e'r:il  eethe-r 
tyjje's  of  e'u\'ire)ume'iits.  .4  mt'tms  of  ftie'ilit.atiny,  slnire-ei  tie-cess  te)  e'li- 
'i.ine'e'rin”;  tmtilysis  data  <'md  provieliiit!;  an  iute'yrtiteel  e  :ivire)mne'm  te) 
pe'ileerm  >he)cl:  ane!  ^'ihrtitietn  e:latn  antilysis  rttsks  was  re'qiiire>el.  An 
iiite'r;ie-ti\'e'  e'omjnite'r  cerele  and  ehitabtise'  system  mtme'd  GREEDl  ( ;i 
Grtiphical  Re  source  for  an  Engiizeen'in.o;  Environme'nftil  J.);it;ib;!S('  Im- 
ple'nie'iitation !  was  de'vele)p('(l  and  imi>leme'nte'<l.  This  transfomie'el  the' 
DOE/DOD  Eindretnme'ntal  Data  B:mk  fretm  a  ctuel  inde’X  syste'in  inte) 
tin  e'asily  ticct'sse  el  c</mpnt<'riz('d  ('ngine'e'ring  dtitab.ise’  te)')l  tlitit  can 
manaege  elatti  in  di‘g'itizt'el  ferrm.  GREEDl  wtis  e-re'tite'd  by  int('re-e)n- 
iie'ctimg  the-  5REED/ ( Sanditi  Ptirtitione-el  Engine'e-ring  Environmi'iitcd 
Dtittditise'  Imple'me’nttition)  e'etele'.  tmd  the'  GRAFAID  e’eale'.  tin  inte'r- 
tte'tir'e’  X-A’  diitti  tmah'sis  tool.  .An  ove'ivie'W  of  tlie  GREEDl  seiftware 

^yste'in  ’.S  pre'Si'liti'el. 


I.NTRODUCTION 

1  hi'  di".'e  lopmi‘iit  of  I'heii’k  tell  1  vibratietn  sjx'citications  lor  system  me'e-htmii'id.  e'le'i't rie'td. 
id  pyrofi  e'hiiie'  conipeiiii  iifs  is  e)iic  of  Samlia  Xtitiomd  l.tibortitorie's  mtijeir  re'sjteiusibilitie-s.  I  he 
iia  ii  ijuui'd  to  igini  iJitc  those'  sj x'cifictit ions  are'  e'oUce'ti'd  Ireiiii  finite'  ('li'ini'iit  tmalyse's.  labo- 
tor;.  -  imuhitioii  I'Xjie'riini'uts  with  htirelwtire'.  anel  e'nvireinme'utal  te'sts.  The  jirexluction  eif  tlx 
III.]  loia  1  it  -]  II  I'l lii'a r  ion  .  i  oi [iiiri's  the  imti lysis.  I'omiitirisem,  ;tnel  I'oi it iiimd  iipdtit mg  of  t he'se'  ehit a . 

I  "i'll  ir, -iy.  caiii  <  nciiii'r  usi'd  G  i!  A  FA  II)  Tj.  an  inte'rtie'ti\'i'  .X  A  ehitti  tmtilysis  teiol.  to  perform 

I  ii'  tad;'  tiiid  to  luaintaiii  his  e)wn  dtittdhtise'  filr  ('opii's  ot  the'si'  (hila.  For  e-ngiiu'i'i's  to  slniri 
lO'i.  I !i  1] dii'a 1 1 '  I'ojni'-  of  fill'  d;it:i  tih's  l.tiii  to  ii'shIi'  on  the'  I'ompnti'r.  eaii'  for  I'tich  I'ligini'i'r  nsiiiu 
I-  data, 

I  !i  1  -  '  1 1.  '■'■  I '  !  rl  a  M  !■  1 1  :i  I  S;iii.  I  la  .\  .a  i  -  .n-'il  I..ii  ■■  ira  I  ■  'r!'  s  .'inil  sii|  |  01’  ■  I  1 1>  di"  I  S.  1  ti  parl  nii  iil  i  'j  1  in  ;'p\ 

111  r  till  \(  II  I  P'.l  li'l|l)7''l 


1  .;i '  >c  ii  :t '  < .)  ;i  ■ ,  ii;!-  ;;Ki)  i  ii.'iiiii  .'ir.i' 'il  tli''  1K)1',/D()D  F'^n\'ir()n!ii<'iit  ;il 
:  (i'l  ;  2'  !ii  ^li'ick  I'Ui!  vil  )i;i  M' >1!  ( 'li  i  iM  a-,  well  as  t(i  inaiurain  liata  itJi 

.  1  '  \  ■  M  -  I  a'  ,  1!  <  a’  riii>  data  hank  la  )iisi't.'-  of  data  i  l•pI■('S(■Ilt('(l  m  a  \ai  ii-t y  ol 

Il .  .  i  ,  a .  1  a i'  l .  lil'  lii a  j  li  1 1 1 iia ■  caid'.  and  iiiicrotihn.  C'oiupnt ( ’i  izctl  acccsa  to  rim  nat loiitd 

i.n'ii’t  1  d[  oatana-'O  at'ia->s  wa-^  dn'\t  !opu-d  wuli  tlio  folk ])i‘iiiia.t‘y  o]>i('('- 


ro  tiii-  l)()k.  Dt)!)  iMi'.’nouii'i-nral  Data  Btiidt. 

d;  X  d  dana.  ’.ni  IniltiiL!  -land-;  and  \nlnatiou  data,  into  ;i  aoinnion  datahao' 
dn:  >;;aat  !i  in  ot  i ■nmni't'rnm  anal\'-'is  data. 


an  -  : ,1  ( 1 1 1  A  i'  A I D  i  :a  t  a  an;i!>  ^-i'  .and  a:i  aplnas  capal  )iiit  a  >  into  a  con  it  non  v.a  iiksp.aci 
;  c  ' "  k.a"  a  Cl  >  ■!  ipn  i,  ini -nt  -p' -ciucat  ion^  for  ’.•.aiaon.'  typi'a  ot  cntdiajinncnts  and  io; 


a  a  ';-,,  c-inpain  r  an.i  datal.aao  accca-  ay^rcni  GREEDI  {u  Gf.'iphical  I!'’--on:ca' 

■  ai.  i'cajiia  I  I  ii.c  f'kn'.'iionna  ntai  Dataiia^c  finplmicnttition  '  wa''  ii('\'clopi'd  .and  iinplcincnrcd, 
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. ‘  a a  :  ■')  p.  cforin  ^kocii  .a;,.!  'Xiiiaaiion  data  ainilyais  ftiaks.  It  t  rtmsfonni  al  the  DOE/DDD 

■  1 : '  a. .i;a  : . '  a .  !  la  t  a,  Ihink  iia  c n  t!  cat  dj  i nda 'x  ay>r eni  into  an  easil\'  ;tcce,-.-.ed  (aainpnterizi'tl  enyiiii  a - 
d.an  k;,.,,  ,a-..,  acaa  p.  data  in  dii.c^iti/ial  foini.  GH EEDI  was  created  l)y  interconnecrina 

■ a  ''  R  i'.  I'.  1')  1  ■  San  da  a  Ikai  t  i  i  ionedi  Ihi'am.  .-i  iny  Envii<  ininent.al  D.atal>as('  Inii'ik'iiK'iit.at  ion  )  7.S  and 

M;  \!  AID  a,  Ai 

dm  1 '■.■e;  na  w  Ilf  the  (.dii'dil  d  'oftw.ai'e  ^y>teni  is  prc-enietl  Iiy  M'sj)ecri\'('Iy  descrihiny;  the 
Dl;i-d.!>I  :n''  ;  connect  i,  ,ji.  the  SPkddDI  a  ,fi  \v;ie.  ;ind  the  GFiAEAlD  code  c.ajtaliihties. 


GUEEDI 

I  ; a  -  (  d ;  I  d' D I  coi k  v.-a  •  witei  ,a t ei  1  1  ly  nit t  rci mnect iny  t h('  Ci H  .d  E.AID  code  ,an<l  the  SP k.ED  1 
i.d'  n.an.' aininv  th(  funcdonality  of  ejich  co<le.  The  GPEEDI  aofrw.are  svati'in  inidtaiinu 
.a  :  n •  ;ea ,  - :  d;p ,  detv.a,!,  :hi  GPAEAID  .and  the  SlMdEDl  codea  is  ilhiatrated  in  Eiynre  1, 
'I'l'd'aid  paitition  ot’ d.e  fiPEED!  -oft ware  s\'areni  in.aintains  the  eirvironinental  dat a  iia.nl; 

h'.DPiaV  dna'ada-o  a;,,[  j,i(,\'ide-  ,all  o[  the  (l.at.ahaae  tnaa-ss  inidtnliny  the  d:tt;i  aet  inilexinn 
,  a  : : :  n  lo;  •  e;;pi  n  r  ot  dia t  a .  f  XG  P  InS  :  -  a  connnercitil  i ela t  lon.'il  da t  al  lase  inaimyenient  a\ot  em 
■  n.i  oy  id',  ,'a ;  ional  I  oe|  n  |o!o._;y  hic.  /h’lli  ih.'it  [>;iA'id|es  the  oryani/ational  haa'  ha 

:a  ane  n  :;a  ’.;nn  t;a  tndetdnn  inlorniaf ion  aaaoii.ated.  wiili  the  d;it,a.  SPEEDI  haa  ita  own 
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•adan,'  :  n  irci'i  ■ ' ,  la  -  a:,d  1 1\'  pio’.i.iiini  ihnaPaae  acceaa  to  Gld  \E.\ID  thronyh  a  SPFdaDl 
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GREEDI 


<3  User  Control  <2 -  Data  Access 

Figure  1  -  GREEDI  SYSTEM  SCHEMATIC 

Executing  GREEDI 

hf'u  a  GREEDI  sossion  is  initiated,  the  system  sttirts  np  in  the  GRAFAID  partition, 
liii'  i^'  indirated  by  a  "GRAFAID>''  command  promjtf.  If  tiie  se.ssion  is  the  first  for  an  analyst, 
t'iie  ojifradm;;  environment  is  autormitically  initialized  to  the  defatilt  state  of  the  system.  Other- 
'.vi-e.  flic  operatim^  environment  from  tlie  analyst's  last  session  is  automatically  recovert-d  from 
f’tie  dfitaluase.  \\  hih'  in  the  GRAFAID  partition,  the  analy.st  may  execute  any  of  GRAFAIDV 
rajifidilif ics  (,r  imiy  execute  any  commands  that  are  common  between  GRAFAID  and  SPEEDI. 
I  lie  finalyst  rmiy  switch  to  the  SPEEDI  partition  frcmi  any  command  level  within  the  GR.4FAID 
p.-irfition  by  entering  the  ‘’SPEEDr'  command.  Presence  in  the  SPEEDI  partition  is  indicated  by 
a.  ‘■SPELDI>  command  prompt.  Likewise,  an  analyst  operating  in  the  SPEEDI  partition  may 
,'Wifch  to  the  GR.4f.4ID  partition  ]>y  entering  the  '’GRAF-AID"  command. 


SPEEDI 

dhc  e-.,:il!ia;  loii  of  the  refjuirement s  and  th<'  design  and  imiflementation  of  SPEEDI  w,!.-- 
]>e:{ori!ied  by  RL/SPLC  Inc.  ;;t  the  retjiu'st  of  Sanditi  Natiomd  Lalioratories  to  pro\’id('  cem 
t:ali/ed  conijMiter  a'ce.-s  to  the  DOE/DOD  Environment;d  Data  Btink.  The  INGRES  rhitabase 
man;'.gme;.r  ',y-teui  wtvs  rho.o'n  as  the  organizational  tool  for  storing  and  retrieving  the  indt'xi’ig 
mf 'rinat ioi,  m^-ociMteh  with  the  data.  The  acce.ss  routines  which  compose  SPEEDI  were  written 
n.  fttpIL’.AN  with  emberlfb’d  SC^L  c,-|l].-  to  (he  INGRE.S  rl;tfal;ase.  The  actual  d;it;i  are  .^tori'd 
m  \AX/\  MS  :fi_  direef  ,,rfes-  files  which  are  mamiged  Ity  the  SPEEDI  softw.are.  Cnrn'utly  there 
jiier  f  -  of  information  whic]'  the  analyst  c;m  use  to  ideiitif}'  ;i  given  d;ita  set.  d  liese  ;ue 
O't'  ir'  fi  to  a-  SPLhDI  nidf:f(ifilf  fiihl.f.  .Any  attribute  held  which  is  stored  in  the  dataluise  ma}' 
'c  cf,!!,,  ;iii  ;nd'  xable  field  liy  simjily  fuTliiig  inf(.rm;ition  al.xnit  it  to  on"  of  thi'  dtittilia-^e  tables; 


a  ■■ 


no  iiioditicat ioii  to  the  SPEEDI  software  is  iieeessary.  In  order  to  readily  access  and  eHectiveh' 
use  the  (hita.  each  data  si't  is  tuii<iueh'  identified  hy  a  sul)s<'r  of  tlu'se  indexabli'  fields  called  the 
RIDDL  (Record  Identifictition  aiul  D;it;i  Detimtion  L;i1k‘1).  In  th('  following  sections.  SPEEDI  s 
method  of  dat:i  definition  and  identification  will  he  (liscnss('d.  ami  th('  SPEEDI  coininand  and 
''uhroutine  interlaces  will  he  desc  rihed. 


Data  Definition  and  Identification 

One  of  till'  most  iinportant  features  of  the  user  interface  to  SPEEDI  is  the  means  hy  which 
the  amdyst  identifie.'  the  data  sets  with  which  to  work.  In  this  section  we  will  first  discuss  data 
id.i’iitihcation  and  the  RIDDL  types  availalile  in  SPEEDI  for  data  identification.  We  will  then 
present  the  iiiethixls  tiiid  commands  avaiiahle  for  defining  and  using  RIDDL  Mtisks  to  idenril}' 
di  a  t  a . 

Data  Definition  U-sing  the  RIDDL.  The  dtita  stored  in  SPEEDPs  INGRES  dat;ih:ise  is  imide 
up  of  two  dilferent  sets  of  datti.  One  set  consists  of  the  sttilile  en\'ironnienfal  dtitti.  such  tis  the 
DOE/DOD  Environmi'iittd  Dat;t  Btink.  which  we  refer  to  as  the  Envirou.tn.cit.tal  Data  Dank.  The 
oilier  '(‘t  consists  of  engini'ering  tiimlysis  ihitti  which  we  c;dl  the  /Dtc/vyus  Data,  Bank.  All  datti  in 
the  Environmenttil  and  Analysis  Dtita  Btinks  arc'  uniquely  definc'd  liy  a  serii's  of  data  attrihutes. 
lher>'  are  ti  numlier  of  tittrihute  fii'lds  associated  with  each  data  set  entered  into  the  datahase 
which  must  conviiin  identifying  information.  Many  fields  may  contain  long  character  strings 
and  are  used  strictly  for  mtuntidning  historical  information.  Othi'r  fields  are  required  for  d.itti 
ident ilicatioii.  Lhe  RIDDL  ctm  hi'  thought  of  as  ti  shorthand  specifictition  consisting  of  the  fields 
r'’quired  to  uniquely  identiP  a  dtita  set  stored  in  the  dattihtise. 

Some  of  the  SPEEDI  indextihle  fields  must  conttiin  values  which  conform  to  a  sjiecific  list 
of  permitted  \-tdues  (the  pi: i-tiij tted  inn:ahii.lary)  for  the  field.  This  restriction  is  imposed  to  enforce 
coii'isteiicy  throughout  the  dtif tihase.  For  example.  'A’lBR  "  is  the'  jiermitted  vtdne  associtited 
with  ti  viljrtition  environment.  Proc-ided  tlitit  every  tinalyst  adlieres  to  the  iicrmitted  vocalmltiry. 
ti  setirch  on  the  "\TBR'’  en\  ironment  will  return  till  vihration  environment  entries  in  the  dataliase. 

•A  RIDDL  consists  of  ti  string  of  values  foi  each  of  the  RIDDL  fields  separated  hy  the 
delimiter  "/"  ■  Xotici'  rhtit  since  a  field  delimiter  is  used  in  thi'  RIDDL.  the  analyst  need  not  fill 
in  till'  entire  width  of  tiny  givi'ii  field.  Bectiuse  the  tyjies  of  data  to  he  stored  in  the  .4ntilysis 
tiiid  Environmenttd  Dtifti  Banks  tire  so  varied  in  origin  tind  structure,  it  would  he  difficult  tind 
ineificienr  to  design  ti  single  RIDDL  which  could  h.-  used  for  till  dtitti.  Thi'refore.  SPEEDI  allows 
for  multiple  RIDDL  types. 

Lhe  type  tissocitited  with  etii'h  RIDDL  deti'iiniiies  the  iiuiiihi'r  of  fii'lds.  till'  width  of  etich 
fi'id.  the  iitime  of  etich  field,  tiiid  the  ordering  of  the  fields  in  the  RIDDL.  Eticli  RIDDL  tittrihute 
‘a  id  1-  represented  hy  ti  few  (from  one  to  twenty)  charticters.  These  fields  havi'  Ijeen  chosen  to 
include  t  he  diiita  attrihutes  which  tire  exiiected  to  he  used  frc'qui'iitly  in  setirchs  of  the  dtittihtise.  In 
adldition.  enough  titirihutes  tiie  included  to  uniquely  identify  I'ach  dtitti  sc't.  thtit  is.  if  the  tintdc'st 
wrv  to  :-elect  a  suirle  vtilue  from  the  permitted  voctihultiry  for  I'ticli  field,  no  more  thtin  one  dtita 
-'C  v.'ouid  he  seleeti  di  lioiii  the  dtittihtise.  Because  the  RIDDL  is  intended  as  ti  shorthtind  notation 
h)i  the  convenience  ef  the  tintil\'st.  it  is  desirtilde  to  minimize  thi'  nuniher  of  fields  included. 

.A  ^  dtifti  e  ai'  processed  tmd  mtuiijiultited  liv  tintdysts.  it  is  necesstiry  to  identify  them  hy 
-pecilying  MiliKe  each  tuid  m.-ery  one  of  the  core  tittrihute  fields  of  the  tqqu'opriate  RIDDL 
lype.  In  oiiiei  to  meet  the  needs  of  the  frequent  and  e.xperieuced  user,  an  tqqirotich  to  identifying 
dc  dtita  hti'  heen  de’celoped  ’.'dii'h  tiliows  the  tintdyst  to  cretite  a  restricted  view  of  the  dtitahase 
tui'i  'I'e  an  a  1  hi  )i 'witi  t  eil  foini  ot  the  RlfjDL  when  ticci'ssing  ihita.  This  method  will  he  descrilied 
III  detail  h  e  I  ( )  . 

RIDDL  lyiies  Available  in  SPEEDI.  A  core  group  I't  ;ittrihutes  pror'ides  a  unique  sju'citi 
eatioii  tiiid  idei.i  ifica!  ion.  a  RIDDL.  for  each  ty])e  of  d:it;i  in  the  dtittihase.  ’Ihree  types  of  data 
hao  ic.'ii  !<  lent  ilieil  and  their  con  esponding  RIDDL  types  h;i\e  heen  inqilemeiit  ed.  riiese  three 
f  p'  of  da'a  aie  the  i  x  i  ■  t  i  1 1  g  Eii'cii  oimiental  Dtif.'i  Btink  datti.  test  tmd  smi'iltitioti  dtitti,  tmd 


Of) 


;  >  1  I .  I'll'  I  !  1 1)  1)  I  ii 'si'^iii -1 1  ti '1'  I 'ai’Ii  <  il  r hc''<'  r  \’j)<  i  >1  i  l;i  t  ;i  ;i  i  r  :i -i  t<  >! h  iW'-, 
li.i'  D13  HIDDL  f}';!''  i'  ilc.-'iminl  t<i  jiruviilc  ui;ixiiii;il  iiuli'xiii'^  lilii i< mi  thr  -in'hir 

il  II);!!;!  [•iuntfcn  oi  tlic  ui‘ifx:il)li.'  ticliis  were  <'iio>i  ii  ii"  ;i  j^cy  tui'  tiii>  iliit;:, 

1  111  II  ii'.r’ (  '  lii'lii'  wliirii  ri  utc  the  I)L3  lilDDI.  type  ;iii-  n-  liillow>: 


HIYPt: 

GRurp 

OWXPR 

\ERSU)X 

ROLE 

PROGRAM 

PHASE 

k'oxDrnox 


RIDDL  typi-  -  -DB  " 

I  M'l  Group  X:iiuc 
L  .''(TuuiiK' ot  Owner  of  tlie  13ata  Set 
liiieuer  \  ersiou  Xuinlx’r  of  the  Data  Set 
Role  of  Data  tii  the  R’.-'t 
Program  Reiuy  Te>t<'(l 

Plia-'e  of  Life  of  Syateiii  to  wliieii  Data  Peitain 
Eu\  iroiuneutaI  Coiulitiou 


EX\1R()XMEXI  Enx'iromueut  of  lest 


e\a:xt 

CARRIER 

MODEL 

SPMMARV 

PILE 


E\'eiit  Monitoreil 
Carrie:  of  L  nit  lesteR 
C  airier  Mmiei 

Data  Suniiuarv  Pretix  tor  DB  RIDDL' 
File  Arress  XuiuRer  for  DB  RIDDL'. 


.\r;i'iux[i  the  SEMMARL’  aial  FILE  iiel.ls  form  a  unique  idenritier  fm-  each  data  sei  in  t  h' 
DOE  DOl)  Lm^’ironnieiital  Data  Bank,  these  were  deemed  iusutlicient  fur  adequate  >eaii-!i  capa 

•  ■  1 M  *  i ‘  . 

Daui  'Cts  often  loaded  into  the  .Analy'i'  Data  Bank  from  S.VT.ADEF  iStaialard  .LSCIl 
fc't  .Aijaiy-is  Plata  Exchange  format)  2i  tajies.  so  the  RIDDI,  tyjie  tailored  for  aual\sis  (lata, 
'li'  SD  RIDDL  type,  is  Rased  on  the  S.AI.ADEF  header.  Fliis  RIDDL  consists  of  twenty-'ix  oi’ 
■'he  SPF.EDI  mdexahile  fields,  fhese  are  neci'ssary  to  -proviile  a  uniqui’  RIDDL  key  tor  eacli  data 
'e-  in  the  .-Vnalv'is  flata  Bank  and  maximum  flexihilitv  in  eiiicienfh'  iiulexiny  data.  Tliesr  ]ieM- 


a '  toil! iW' : 

RTA'PF 

CiliOUP 

OWXER 

X'ERSIOX 

ORIGIX 

F(.'XCTI(.)X 

FIIM'ER 

.'.IF.XSPRE 

ROLE 

PROGRA.M 

EXIT 

IRLVSE 

^■OXDITIOX 

KXX'IROXMEXT 

.'.lETIlOD 

KXdix'r 

'idd-MEx  r 

t  .M'tRIER 

'EprARR’IER’ 

'  !<  )IjF!, 


i;,\ 


li) 

:ei. 


RIDDL  Type  ^  -SD" 

1  ser  Cii'i  lup  .Xame 

I.  si'tn.'une  o{  Owner  of  the  Data  Set 

Inteirer  Aer'ion  XuniRer  of  the  Dtit.a  Set 

(triirin  of  tlw  Data  Set 

Fe.ncrional  Description  of  Data 

Filter  Identifier 

Data  Measured 

R ole  ot  Data  m  the  lest 

Pioyram  Ix  inu;  lesied 

le  st  I  nit.  Siimila t  ion  Model,  or  Enem  .Rite  i  io;  mi r  ural  j  iRe; ,o:ncna  ■ 

Phase  of  Life  of  System  to  which  Data  Perta.i;; 

f.ii\  1 1 1 II  imeiit  al  C  <  iiidit  ion 

f.m.'iromiient  of  lest 

.'.lethod  oI  ()litaimmr  Data 

I',\'e!,’t  '.lomtood 

S  ■  a  .'  I  ■  I  if  f.’.  c  nt  1 1 1 1  ■(  1 
t,  a  1  1  a  i  I  if  f  1 1 1 1  1  e.^t  ed 

III  ra-r  Rui  i'..':'  'un 
f 'ailie,  M,,d-  I 

E-I  m  Am  mm-,  inmv  load,  d  ■ 


pan  duel  I  Ideji'  ;ia  1 
pan  duci  1  Am 
Anaiy  i  Run  id' m  it' 
Al.aimt  Io  Itiintai  'la; 
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I'i;,  An.-i'i H;iiik  i-< mt ;iin''  ■l;ir;i  -ft-  <!fii\f<l  Itdin  nihfi  -i  ts.  Ir  ordci 

■ii  fiif.iiif  i  1  ;;i x i II iti!  llfxiluli!'.  ih  ;ifi'i'--i!iti,  liii'-f  ilfii\'fil  tlif  1*''  ['(IDE)!.  '}!’*“  Effii 

iiifiXfii.  Elif  D 1)  liliJi'l.  i-  f i )i u] 1 1  ■ 'i  tlif  r-.vi-iiiv  -ix  I'fli!'  Mif  SF)  rnODL  pin-  ;i 

f  f  I  P-'fX  1< 'll  Iilillif  XU'l  <\  ( If W't  t  1(  tl !  t\']>f.  Ill  <‘i  1 1<  1 1  *  i( '1 1  Tm  till*  I'MI)1.)I.  11 !  ti  tl'l  1 1  It  1 1(  t]  i .  tlif  1  if  ri\'«  I T  lol ; 
x;':;:!]:'  ’fi-  -iifUii'  to  ihf  'x;\'''ii  I’fi  'ii  I'.'jif  jiiiii  tlif  i!;it;i  tifj,-  <  it  t!i('  iliitii  -I't.-  iinxil'Xfcl  m 

•x'  ( if!  i'.x' ii  ix  xii'ffilurf  .'Ilf  -ic'x'il  !>v  Sl'’i'iKi)I.  I’lif  l)lJ  I'FIDDL  tifhl-  wliirli  illfifr  froin  thf  SF) 

lIlDDF.  xif  x-  E-iiiiv.'-: 


F{T\TME 

DF'ilvIWXAMF 

DF.inWTVlM-: 


lilDDI.  Type  ..  ■Dir 

I  'ixr  [)ftiiif<l  L)f  1  i\;i t K III  Niiiiif 

I  x]  'X  *  *i  I  )f  n  xii  t  loi  1  F  I  ( ■«  1  t  <  I  Cl  f  I  If  I'x.  i  f  F3;  1 1 ;  [  Sf  t  . 


i  lie  HIDDI.  Masl<  and  tlie  SuljRIDDL.  An  typically  ti-f-  well  lE  tiiifd  Mili-ei-  xl 

'  .xxi  'liiriax  a  ;  lai  i  ii'ui.'ir  analx'-i-.  Fii  tlie  contevr  of  tlif  data  at  1 1  il a iti  and  tlie  RFDI3I..  thi- 
ixxiiif-  'li;;T  a  -iili-ft  ot  ilitta  inn-t  Ic'  dfliufd  Fa'  tixiii'-t  tin-  \'aliif  o{  ;i  ]  lait  icular  field,  of  thf 
[illjldl.  A"  hxitxx  tlif  xahiix  of  intiiiy  of  riie  RlDbL  tu'ld-.  rli<'  an:dy-t  can  define  a  iiian;ej,eal)lf 
-'.X-I  ?  .  if  (lata  '.'.'iliiill  "  liicli  to  '.Vdl  l-X  (  )llCi'  I  lio^c  Held-  ine  tiX<  d.  U  l-  no  loiieei'  liei'essary  to 
-■>.  ;l,f!n  'ixhen  --elfctiiif  (lata  -el-  iroiii  tlie  datalci-e.  ( )iily  tlie  -iihset  of  the  IF1FJI3F^  tiehl- 
■x.Xf'li  ai'i  I. fit  fixed  Uff'i  hf  >pfCiiiiMl  when  x'lectine  (latti  <et-.  dill-  Mlliaft  of  tlie  RFIJDL  flehl,- 
:■  X  f,  ;ifd  to  a>  rlif 

I  iif  lUDDI.  1'  a  collection  of  infonnatiou  wliicli  desciiiies  wluit  nnist  he  -pecified  in 

■'xf  .''xaly-t'-  ''ii  iR  FFJDI..  Elif  I'da-k  ;i!>o  detine-;  how  the  xnhRIL3DL  i>  to  he  int  erpicted  and 
x.-px'  '1  ii.’o  a  fail  RirjDI„.  ’I'iii'-  inclrcle-  whicli  field-  are  to  lie  explicitly  <pecififd  hy  the  antily.-t 
;  x'l  '.xhich  at  e  iinplicitly  -[ifi'iiifd.  t  lie  orileriny  of  the  expliiat  field-,  anil  logical  expres-ion.-  which 

O'  :  illf  value-  f'  Ii'  I  Xa'll  held. 


Specifh'iug  S ul) IM  IJ D I,s  to  SPMlxDI.  1  hrotieliont  SREEDI  theantily-t  -peciHix- a  auhRIDDL 
xi  iilfiitify  data.  In  the  coiiffxi  of  ti  part iciiiar  fflDDL  .\I;i-k.  the  MihRir3DL  will  r'crrieve  /.rvn  or 
;  ..''I'e  'lata  -it-  v.'hich  intit  ch  the  at  t  rihiites  .-[lecified  in  thi'  suhR  IDDL.  The  -ynt  ax  tor  -pecifyine 
a  -ulil'i  I£)I)L  piecridf-  for  the  n-e  of  wild  car<l  charticti  rs  tis  well  a-  o\-ernde  specifictit  ion  of  airr 
"f  -he  SPEEDI  iudfxahle  field-. 

( tlif  of  the  ctipakiili'  if,-  Jt'.ailal.ile  in  SPI:Tt,l3I  is  a  utility  to  ilefine  ti  RIDDL  Mii-k.  1.  siini;  t  he 
HIDDI.  I.In.D:  Di  I’ml ni Ii  the  tititdy.-t  may  tail'll'  the  use  of  tla'  RIDDL  '.'iti  th('  follownni, 

■ '  X'  f  r  a '  I  o  1 1  - . 


•  "E.XPLK  EE  coiiinuiial  sttiti'-  that  ;i  ei\'eii  Hepl  must  he  spei'ifii'd  ixplicitly  in  the  suh 
RIDDL  ’.'.'hen  the  .Ma-k  i-  actiw  ami  spei'ifie-  ;i  periiiissihle  'ctdue  or  rtinee  of  pennissililf 
■.'tduf-  for  'h''  fiel'l  usilcx  lo'UU’tll  expl'-s-iou-. 

•  ■  IMPLIC  IT  '  ('omimuid  -tates  that  a  'uiv'-n  f  M  ms-d  not  he  specified  in  the  suhRIDDL 
'.'.hen  'ic  .'.h':  !;  i-  ai'ti'.'f  'ui'l  -j'la'ili''.-  ;i  ])eruiis-ihl'  \':ilue  or  rtui'pe  of  pernn-'-ihle  \'alues  for 
tpf  tie!'!  f-iiio  lo'..':i('ai  f xpr''.'''ion- . 

•  ■  1  f  l'.(  J  R  I .)  I  ,R  1  omina  1 1' i  ''haiui' '-  t  h' ■  '('[Ul 'lice  oi  ' 'X[)lici  t  lii'klsin  theactn'e  RIDE)L  Mti-lt. 

;  t  :  p.  .anal'.-’  in  u -  n m  ami  n laint  atiiimj,  ;i  h!  u  tuy  ol  R  ID I3L  ?Ta  -  k-,  t hi  iolk iwnur,  operat  ion- 
a;  a ,'x  lai  ,'lf  in  tiio  RIDDL  .Ma-k  Di-linitiou  Iftility. 

•  ■  \\  f,  '  onnxand  -a'.''-  ;i  lx  IDEM.  .Mtisk  timl  associate-  ;i  name  with  it. 

•  '■  \  (  1  1  \  .\  1  1'.  c  '!  ni :  la  i  .e;  ac;  -.'a  t  -  a  uaiiie'l  Ma-k. 


I.D 


"1  'll  play 
M  '!;  liia-.- 


Ii'  muii''  of  -a'ce'l  .M-i-K'-  ‘ 't  'li-iiitCv-  the  definition  iif 
hi'  p'l  nut  till  '.'oca  I  iiilaf,'  lor  a  paiticular  field. 

:  1  I  t  df  f  illf  1 1  1 1  1 1)  D  1 .  .\  I  a  k . 


(  •  -  r 


I ; '  i  '  I  f  1  <  ■  T  <  ■  -  D 


SPEKDl  Program  Level.  S  oiue  of  the  eoniinauds  available  ;tt  the  SPEEDI  progi.'uii  level  <ai'i' 
.le^eiil)e(l  lielow.  In  each  eoininand  where  d;it:i  s('ts  :ire  luanipnlat ed.  they  ;ire  ich'iitified  via  a 
'ViidvIDDL  ill  rht'  (■(iiitext  Ilf  an  aetivi-  Ma>k. 

•  "EXPORr"  eoimiiaud  writes  a  datti  set  and  ;ippropri;ite  identifying  infornuition  to  a  file  or 
de\'ice  in  a  specified  h'rniat  sneh  .as  SATADEF. 

•  ''GRAFAID"  I'oniniand  switches  to  th('  GRAFAID  partition. 

•  "IMPIIRT'  cointnand  loads  data  and  identifying  inforin.'ition  into  tlu'  (hitahase  from  a  file 
or  de\  ic('  III  a  sjiecifii'd  fornnit  such  as  S.ATADEF. 

«  "RIDDL  eoininand  eiiti'rs  th<'  RIDDL  Mask  Definition  Exility. 

•  '■I\PE  eoininand  displays  a  data  s('t  to  the  terinin.al  or  to  a  sjteeified  d('',-icc. 

SPEEDI  Subroutine  Ititerface 

I  he  Gif  Af. AID  jjtntition  of  GREEDI  accesses  the  database  through  the  SPEEDI  subroutine 
iiiierface.  This  is  a  eolh'ction  of  software  inodnh's  which  tdlows  acta-ss  to  the  (hatabt.se  while 
'  naming  eonsisti'iicy  of  format  and  nniqiK'  identification  of  each  data  sc't.  The  subroutiiK'  interface 
coii-ists  of  routines  such  <as  the  following. 

•  .A  .SPEEDI  lint itili/ation  routine  which  connects  to  SPEEDTs  INGRES  datalnis*'.  verifies 
that  the  tuuilyst  is  an  authorized  SPEEDI  user,  inifitdizt's  the  SPEEDI  environmi'ni .  and 
initializes  or  restores  tlu'  analyst's  session  environment. 

•  Routines  which  .'ictiwati'  and  r('i>ort  about  RIDDL  Mtisks. 

•  RoutiiK's  which  store,  retrieve.  d<>lete.  ami  jinrgi'  GRAF.AID  (hit.a  sets,  jilot  di'finitions.  and 
plot  aggregiites. 

•  .A  .SPEEvDI  end  routine  which  sa\'es  the  cinrc'nt  session  en\'iroinnent  ch'scrijition  |  unless  the 
anahcst  has  entered  a  "(^TIT"  eoininand).  deletes  ti'inporary  tables  from  th<'  database,  and 
'hsconnecis  from  the  INGRES  database. 


GRAFAID 

I  he  GR.AI'.AID  coilr  wa-.  fiixt  impk'iiiented  at  S.'inditi  Nation.al  Lidior.'itories  in  19S1  ;md  has 
e.  1  n  undei  continual  de\-cIo])inent  since  then.  GR.AF.AID  is  jiriinarily  a  tool  for  tin'  an.alysis  of 
- !,oc!;  and  'v  ibration  data.  It  \',-as  de\'eloped  for  use  on  the  Digital  Equipment  Gor])orat ion  (  DEC  ' 
\  .  \  .\  eon  1  put  1  m  nil'  h'!  1 1  le  \  AX  /  \  MS  operating  sy  stein  [G].  GR  AF.AID's  mnneri  ms  d.at  a  a  indy  sis, 
manipedaiioii.  ci.  ation.  ami  plotting  I'apaliilitie.s  ni.ake  it  a  genertil  jmrpose  (lata  summary  ami 
anaiyuv  to.o!  f'U  an\'  .X  \  (lata.  I  lie  GR.AI'.AID  features  that  are  incorportited  into  the  GREEDI 
'.'■I  III  an  bill  fly  'ie  cnbeil  in  the  lollowing  sections,  lojiics  co\'ered  ;ire  the  eoininand  interface, 
til'  (ima  o  f  'lefin i t ion .  the  acti\'e  sei  operations,  the  plotting  ctqiabilit ies.  the  plot  definition.  ;iml 
tic  data  an-'d}'  u  -  ut  ilit  les  , 


CJRAFAID  Coimiiaiid  Interface 


tiRAFAID  is  an  nieim  and  cominaiul  driven  code.  That  is.  either  ti  nienn  or 

a  jironij)r  an  explicit  eucstion  to  answer  is  always  presenteil  to  the  analyst.  GR.ArAlD 
SO!  I'e.-^T ,( )nd'>  with  the  .aiuih’st  through  iiiessaujes  accoiiijciiiyiiit!;  the  menu  or  proinjit.  In  addition 
uj  direcriny  GRAF.-XID  opertitions  by  eithi'i'  making;  a  nii'iiu  selection  ea-  tiiiswering;  ;i  promiit,  tin- 
anaiv-r  mac  enter  one  of  ClRAFAID's  set  of  unprompt<'d  commands,  similar  to  SPEEDI  s  ulobal 
cicnmanaG.  Uhe  uniuomptisl  commands  constitute  a  powerful  GRAF.A.ID  fe.atun'  becjiuse  they 
o  ';. St.'S  'he  anaiv.'t  from  riie  rigid  menu  and  prompt  structure  and  gici'  him  the  flexibility  neede.l 
t.i  imnu  di.'itely  (io  what  lu'  wants  to  do. 

.-V  brief  introdu<-tioii  to  sonie  of  GRAFAlD's  un])ro!npted  comnnands  is  presented  in  tlie 
ih'  ic.-ing  h't. 

•  "Gv)?\  riU  )L.tC"  (causes  ;i  friendly  interrupu  of  the  currently  executing  function, 

•  "F..ND  command  terminates  the  current  menu  or  prompt  repuest  and  returns  laaniol  to 
th''  in'XT  higher  menu  leceh  If  a  data  set  utility  is  o{)er;if ional.  the  utility  is  termmaC'o  udtij 
th'  operand  data  set  detimtion  being  savial  in  the  database. 

•  "H .VR DC.  (.)P\  (.'(.mmiaiid  sends  a  copy  of  the  curr<-nt  GR.\F.\ID  plot  to  a  ruant  hi'  tor 
lat(  I  (.'urjm?  to  a  laser  graphics  printer  or  similar  .graphics  printer. 

•  "HELP  "  conmiand  accesses  ClRAFAID's  help  library. 

•  "PLOT  "  ('(.'luinan'l  erases  tii<-  terniimd  screcm  and  tla.m  displays  the  current  GR.A.F.AID  pha 
detinition  on  the  terminal  screen. 


•  "C^ITT"  cr-mniaiid  terminates  the  current  menu  or  promi>t  and  returns  contvol  to  the  next 
higher  menu  lewd.  If  a  data  set  utility  is  opertitionrd.  the  utility  is  terminated  without 
saving  any  data  set  modifications  in  the  datalttis^x 

•  "REX  "  command  execmes  mie  of  GR -A.F.-\ID's  custoniizerl  run  functions. 


•  ■■.S.-\\'Ei"  command  saves  the  current  version  o'f  tlu.'  o])erand  data  set  definition  in  tin.'  data 
liase  if  a.  data,  set  utility  is  operational.  Otherwise,  the  command  is  ignored. 

•  "SET"  command  is  used  to  assign  a  new  vidue  to  one  <.)f  GR.\F.AID's  ojiertiting  environment 
pararneters, 

•  "SIR  )’A"'  command  exhibits  the  curia.’nt  value  of  one  of  CIR  .-vF-aID  s  opei  oi  mg  eu\  ironnien' 
;  cuainef  ers. 


•  "Sd  STEM"  command  temporarily 
-ystem  command  subpio<'ess. 


exits  the  GREEDI  session  and 


creates 


an  operating 


I  amumiO 


I  I  1  .>  <■(,  .  1  V  ^  . 


^l)I  partition  tliv  '^tREIdDI 


•  "STOI'  command  terminates  the  CIREIEDI  scs.^ion  !)\'  sacdiig  the  current  session  environ- 
na  lit  n.  the  (•laitdiase  and  l>v  saving  the  operand  data  set  if  a  data  set  utility  is  oper.arionah 


tiRAFAID  Data  .Set  Definition 

(  p  ;i  ■  of  t  ill '  t  la  -  1C  enf  If  les  St  I  ire<l  in  the  da  t  aiiase  is  the  data  set .  It  is  a  tundanieut  al  sy -t  em 
'.atit',  -iMC'  al!  'if  GR.M'.MDs  ojieratioii'  are  ultimately  tor  the  cieatiou.  naanipnltit  ion.  moil; 
111  cation,  or  gicaphi'cal  di'pl.ay  of  one  or  more  data  sets.  A  (Jafa  .<<'t  nadiales  a  set  of  X  ’t  d.ci.a 
i.:m  .  ;md  ,!  d.atti  de.iription.  The  .\  'lata  tu'e  real  values  only,  d  he  data  may  he  either  ri-al 
.  ...Ml  ;i  \  \aliii-.  liie  data  diO'Crip' ion  consisrs  of  hoth  lexfntd  and  nuniicic  dtila.  ll  c(iiitanis 

iid<-- iiig  1  r  d' It  m;i  t  io; . ,  data  hi'torv  informat  ;■  in,  data  di'ircation  pa  r.a  met  eic- .  mid  g’.aphicai  p!ij' 

■  i,  .'1 ;  111  '  I  ;  )  ■  t  1  C  fo;  ■  il  - 1  da  ■CHig  file  ria  t  a,  1  i  ji  ■  ;  di  il  chtiiact  i  list  ics  mcinde  f  la  ■  f  d  f  wm  ig  1 1  e;i  i  ' : 


•  A  plot  title  consisting  of  up  to  five  lines,  eacli  having  a  inaxiinuin  of  eighty  characters 

•  A  label  of  uj)  to  forty  characters  for  each  plot  axis 

•  The  plot  axis  limits  that  ch'fine  tlu'  data  plot  window;  these  limits  include  values  for  the 
iuiniinuin  X.  inaximuin  X,  mininium  Y,  and  maxiniuin 

•  An  axis  scale  type  sj)ecifying  either  a  linear  or  logarithmic  scale  for  each  axis 

•  Plot  window  information  specifing  items  such  as  the  number  of  windows,  the  window  format, 
and  tlu'  data  vhsphay  type  of  magnitude,  phase,  real,  or  imaginary. 

The  data  st'ts  are  indexed  with  the  SPEEDI  RIDDL  described  jjreviously.  A  list  of  the  data 
sets  stored  in  the  database  may  be  exhibited  with  the  "DIRECTORY"  command. 

CiRAFAID  Active  Set  Operations 

GRAF.AlD's  active  set  concept  is  basic  to  all  of  its  data  sot  ojierations.  The  active  set  is 
-inijily  a  list  of  data  sets  consisting  of  a  subset  of  all  data  sets  contained  in  the  database.  .A 
dara  set  must  be  in  the  active  set  for  it  to  be  plotted  or  for  it  to  be  analyzed  by  GRAFAID.  The 
a.nalyst  manipulates  the  contents  of  the  active  set  with  the  unprompted  "SET.ACTI\"E  SET" 
'.■'Mamand.  Command  options  are  provided  for  defining  a  completely  new  active  set  and  for  editing 
tile  contents  of  the  current  active  set.  The  current  contents  of  tlie  active  set  may  be  displayed 
with  rhe  "SHOW, .ACTIVE  SET"  command. 

GRAFAID  Plotting  Capabilities 

The  jilot  jiroduccd  by  GR.AFAID  on  the  analyst’s  computer  terminal  is  defined  by  the 
active  set  contents  and  by  the  current  values  of  some  of  GR.AF.AlD's  operating  environnK.'nt 
parameters.  The  GRAFAID  plot  definition  mcludes  parameters  that  match  the  data  set  plot 
characteristics  such  as  a  title,  axis  labels,  window  limits,  window  scab'  formats,  and  so  on.  It  also 
includes  GRAFAID  parameters  that  govern  other  aspects  of  a  plot  such  as  plot  size,  data  line 
characteristics,  grid  characteristics,  numerical  scale  format,  and  so  on.  The  operating  environment 
[laranieters  that  govern  the  plot  display  may  be  modified  and  shown  with  the  "SET”  and  "SHOW" 
ciaiimanrl  (options,  resjiectively.  .A  summary  of  tin*  GRAFAID  plotting  capabilities  are  listed 
below. 


•  Multiple  data  sf'ts  may  be  displayed  simultaneously. 

•  I  ;;  to  five  plot  title  lines  may  be  displayed.  Each  plot  title  line  consists  of  up  to  eighty 
cliaracters  and  is  either  automatically  defined  by  active  set  operations  or  explicitly  specified 
by  the  aiudyst. 

•  An  axis  label  of  up  to  forty  characters  for  each  axis  may  be  displayed.  The  labels  are  either 
atitcjinatically  defined  Ijy  active  set  operations  or  explicitly  sja'clfied  by  the  analyst. 

•  L  ser  df'fined  note.s  may  be  displayc'd  at  user  speedfied  locations  on  the  ])lot. 

•  Either  liiu'ar  or  logarithmic  axis  scaling  for  each  plot  axis  is  flisplayed. 

•  The  flata  are  displayed  in  a  plot  window  defined  by  numerical  limits  that  are  automatically 
defined  by  active  set  f){>eration.s.  exjdicitly  specified  by  the  analyst,  or  gt'iK'rated  from  tfif' 
data  in  the  active  set . 

•  The  plot  window  may  be  dis[jhiyed  with  either  a  grid  or  tic  numerical  demarcation  foimat. 

•  1  he  data  [(lotted  may  be  disjdayed  as  either  dashf’cl  or  sedid  hues. 


•  The  data  plotted  may  be  highlighted  with  symbol  or  character  flags  displayed  along  data 
plot  lines. 

•  The  plot  text  may  be  displayed  with  either  hardware  (terminal  generated)  or  software 
generated  characters. 

•  Terminal  dependent  color  graphics  is  used  to  display  plots  on  the  analyst  s  terminal. 

Plot  Definition 

A  plot  definition  is  an  additional  entity  stored  in  the  database.  A  plot  definition  consists 
of  all  GRAFAID  operating  environment  parameters  that  define  its  plot  characteristics  and  the 
active  set  when  the  plot  definition  is  created.  It  is  created  and  its  database  index  or  name  is 
assigned  with  the  “NAME"  command.  The  name  of  a  plot  definition  is  a  character  string  of  up 
to  20  alphanumeric  characters  including  interior  blank  characters.  The  “DRAW"  command  and 
its  options  are  used  to  retrieve  from  the  database  a  complete  plot  definition,  a  plot  definitions 
operating  system  plot  characteristics,  or  an  active  set  associated  with  a  plot  definition.  A  list  of 
the  plot  definitions  stored  in  the  database  may  be  exhibited  with  the  “DIRECTORY”  command. 

GRAFAID  Data  Analysis  Utilities 

GRAFAID  has  over  two  dozen  utilities  for  data  analysis,  data  manipulation,  and  data 
creation.  The  utilities  generate  data  sets  and  operate  on  data  sets  that  are  in  the  active  set.  All 
data  manipulation  is  performed  in  computer  memory  and  the  results  are  stored  in  the  database 
only  when  the  utility  is  exited  by  the  analyst  or  when  the  analyst  executes  the  unprompted 
“SAVE”  command.  The  analyst  may  also  abort  a  utility  and  discard  any  changes  to  a  data 
set  by  entering  the  unprompted  “QUIT”  command.  In  this  case,  GRAFAID  removes  the  utility 
operand  data  set  from  the  active  set  and  does  not  save  the  operand  data  set  in  the  database. 
These  features  give  the  analyst  total  control  over  the  integrity  of  the  data. 

The  various  GRAFAID  utilities  are  presented  along  with  a  brief  description  in  the  following 

list. 

•  APPEND  is  used  to  append  the  data  from  specified  data  sets  to  an  existing  data  set  or  to 
add  data  sets  to  create  a  new  data  set. 

•  CALCULATOR  is  for  creating  a  data  set  from  the  result  of  performing  mathematical  func¬ 
tions  involving  constant  factors  and  the  Y  data  from  various  data  sets. 

•  CROSS  is  for  creating  a  new  data  set  by  defining  its  abscissa  (X)  values  from  the  ordinate 
(Y)  values  from  one  data  set  and  its  ordinate  (Y)  values  from  the  ordinate  (Y)  values  from 
a  second  data  set. 

•  CURSOR  is  for  editing  X-Y  data  pairs  in  a  data  set  via  input  with  the  computer  terminal’s 
graphics  cursor. 

•  DELETE  is  for  deleting  data  sets  from  the  database. 

•  DESINE  is  for  creating  a  data  set  that  is  the  shock  spectra  of  a  user  defined  decayed  sine 
time  history  pulse, 

•  DIFFERENTIATE  is  for  creating  a  data  set  that  is  the  result  of  the  numerical  differentiation 
of  data  sets. 

•  DIGITIZER  is  for  transferriug  data  from  a  paper  plot  into  a  data  set  with  a  digitizer  tablet. 

•  DOMAIN  STATISTICS  is  for  calculating  a  data  set  that  is  an  a  uniulative  average,  stan- 
dajfl  deviation,  or  variance  of  the  Y  data  values  as  a  function  of  the  X  values  for  one  of  the 
data  .•■ts. 


57 


•  DUPLICATE  is  for  creating  a  new  data  set  that  is  a  copy  of  a  data  set. 

•  EDIT  is  for  the  input  and  editing  of  the  X-Y  data  in  a  data  set. 

•  ENVELOPE  is  for  calculating  a  data  set  that  is  either  a  maximum  or  minimum  envelope 
of  multiple  data  sets. 

•  EFT  is  for  calculating  a  new  data  set  that  is  the  Fast  Fourier  Transform  approximation  to 
the  Fourier  transform  (Fourier  spectra)  1"  a  data  set. 

•  FILE  is  for  creating  a  data  set  by  reading  its  X-Y  data  pairs  from  an  external  file  that  has 
been  written  with  either  free  format,  formatted,  or  binary  records. 

•  FILTER  is  for  creating  a  data  set  that  is  the  result  of  applying  either  a  high  pass,  a  low 
pass,  or  a  band  pass  Butterworth  filter  to  a  time  history  data  set. 

•  HAVERSINE  is  for  creating  a  data  set  that  is  the  shock  spectra  of  a  user  defined  Haversine 
time  history  pulse. 

•  INTEGRATE  is  for  creating  a  data  set  that  is  the  result  of  the  integration  of  a  data  set. 

•  INVERT  is  for  creating  a  data  set  from  another  data  set  by  interchanging  all  of  its  X  rmd 
Y  data  values  and  X  and  Y  plot  axis  characteristics. 

•  OCTAVE  is  for  calculating  a  data  set  that  is  the  result  of  generating  a  histogram  data 
set  (that  has  its  octave  bin  center  frequencies  defined  approximately  as  a  doubling  of  the 
pievious  bin  frequency)  from  a  power  spectral  density  data  set. 

•  PEAK  RANK  is  for  defining  a  data  set  that  is  the  result  of  ordering  the  amplitudes  of  an 
input  time  history  data  set  in  descending  order. 

•  PSD  is  for  calculating  the  power  spectral  density  data  set  from  an  input  time  history  data 
set. 

•  SAMPLE  is  for  creating  a  new  data  set  by  redefining  the  sample  characteristics  (including 
sample  rate  and  range  of  data)  of  an  input  data  set. 

•  SHOCK  SPECTRA  is  for  calculating  a  data  set  that  is  either  the  absolute  acceleration  or 
relative  displacement  shock  response  spectra  of  an  input  time  history  data  set. 

•  STATISTICS  is  for  calculating  a  data  .set  that  is  the  average,  the  standard  deviation,  or 
the  variance  of  the  Y  data  from  all  of  the  data  sets  in  the  active  set. 

•  WINDOW  is  for  creating  a  data  set  that  is  the  result  of  applying  a  Hanning  Window, 
a  Hamming  Window,  or  a  Kaiser-Bessel  Window  (in  the  time  domain)  to  an  input  time 
history  data  set. 


SUMMARY 

The  GREEDI  .software  system,  an  interactive  computer  code  and  database  access  system, 
was  developed  aiifl  iiiiplemented  at  Sandia  National  Laboratories.  GREEDI  facilitates  shared  ac- 
ress  to  engineering  analysis  data  and  provides  an  integrated  environment  with  extensive  graphical 
'•;i{)abilities  to  perforin  shock  and  vibration  data  analysis  tcisks.  It  transformed  the  DOE/DOD 
Environnu'ntal  Data  Bank  from  a  card  index  system  into  an  easily  accessed  computerized  engi- 
iK-ering  database  tool  that  can  manage  data  in  digitized  form. 
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This  paper  discusses  the  creation  and  utilization  of  a  database 
containing  shock  and  vibration  information  collected  from  a 
variety  of  military  equipment.  This  information  can  provide 
designers  and  developers  with  realistic  environments  which  their 
item  must  be  capable  of  withstanding,  so  arbitrary  environments 
are  not  relied  upon. 


INTRODUCTION 

Numerous  laboratory  vibration  test  schedules  have  been  developed  in  recent 
years  for  both  cargo  and  combat  vehicles  in  the  Army's  inventory.  Additionally, 
many  road  shock  and  vibration,  rail  impact,  drop,  and  firing  shock  tests  have  been 
conducted  on  a  wide  variety  of  vehicles  and  equipment  as  part  of  the  Engineer 
Design  Test/Developraent  Test/Product  Improvement  Program  (EDT/DT/PIP)  testing 
mission.  Through  this  total  effort,  a  large  amount  of  meaningful  data  have  been 
gathered,  processed  and  reported  by  the  U.S.  Army  Combat  Systems  Test  Activity 
(USACSTA)  to  meet  the  specific  requirements  of  the  various  investigations  and 
tests.  With  such  a  great  quantity  of  data  known  to  exist,  numerous  contacts  are 
made  to  USACSTA  and  U.S.  Army  Test  and  Evaluation  Command  (TECOM)  by  other 
Government  activities,  program  manager  offices,  and  private  contractors  (involved 
with  developmental  design  for  Government  contracts)  to  acquire  specific  data. 
Currently,  these  data  exist  in  many  data  files  which  must  be  researched  to  obtain 
data  for  a  specific  request.  There  has  been  no  effort  to  establish  a  complete  and 
meaningful  database  to  provide  timely  information  on  the  shock  and  vibration 
characteristics  of  vehicles  and  equipment.  Such  data  provide  designers  and 
developers  with  realistic  environments  the  item  must  withstand  so  they  do  not  rely 
on  the  selection  of  some  arbitrary,  and  often  erroneous,  environment.  The 
objective  of  this  project  was  to  develop  a  shock  and  vibration  database  for 
various  vehicles  and  equipment  mounted  on  vehicles. 


DATABASE  CONTENTS 

The  objective  was  to  determine  which  types  of  information  should  be  stored  in 
the  shock  and  vibration  database  in  order  to  make  the  database  as  useful  as 

poss 1 b  1  e  . 

The  original  project  proposal  suggested  that  the  database  should  contain 
informati^  on  vehicle  type,  equipment  type,  tei>t  course,  and  test  environment.  It 
also  suggested  that  the  database  consist  of  raw  data,  power  spectral  density 
computations,  amplitude  distribution  analyses  and  shock  response  spectra. 


Being  the  probable  mam  use^s  of  this  database.  the  USACSTA  Vibration  Test 
Branch  personnel  were  questioned  as  to  the  types  of  data  to  be  stored.  The 
responses  are  summarized  in  Table  1. 

TABLE  1.  FIELD  SHOCK  AND  VIBRATION  DATABASE  SUMMARY 
Information  To  Be  Stored 

a.  Test  item(S;,  name,  model  number. 

b.  Carrier  vehicle(s),  name,  model  number. 

c.  Date  of  test. 

d.  Test  Engineer. 

e  Measurement  locitions. 

f.  Test  courses  and  speeds,  drop  heights,  or  rail  impact  speeds  with  run 
number . 

g.  Raw  digital  data  tape  numbers. 

h.  Save  tape  (calibration  files,  etc.)  numbers. 

1.  Analyzed  data  tape  numbers. 

j.  Analy^iid  data  file  names  (particularly  overlay  files). 

k.  Summarized  data  (rms,  peak,  crest  factor,  kuri.osis)  . 

l.  Type  of  analyses  performed. 

m.  Report  number. 

n.  Sample  rate  of  processed  data. 

o.  Recording  and  anelyzing  data  frequency  ranges. 

p.  Data  logbook  volume  number. 

q.  '^ypes  of  tests  performed. 

r.  Test  item  securement  (loose,  secured,  etc.). 

3.  Types  of  data  (acceleration,  strain,  displacement,  etc.). 


It  was  decided  to  include  as  much  of  the  above  listed  data  as  possible  with 
the  limitation  being  the  computer  memory  size. 

In  addition  to  the  information  listed  above  for  field  shock  and  vibration 
tests,  it  was  determined  that  other  testing  conducted  by  the  Vibration  Test  Branch 
should  be  included  in  the  database.  A  second  set  of  information  for  the  database 


:i  include  laboratory  testing  was  developed.  As  the  majority  of  the  laboratory 
shock  and  vibration  tests  are  conducted  on  ammunition,  the  recommended  database 
: n ; c rma 1 1  on  is  primarily  aromun : 1 1 c n - r e i ated .  The  suggested  information  from  the 
ViLr.aiior.  Tes'  Sranch  personnel  is  listed  in  Table  2. 

TAdLE  2,  LABORATORY  SHOCK  AND  VIBRATION  DATABASE  SUMMARY 
Information  To  Be  Stored 
a.  Test  Itemtsi .  name,  model  number, 
c .  Date  of  test. 

-  e  3  t  par  ,3 1' :  a  1  . 

.1.  Types  of  tests  performed, 
a  T 0 nd 1 t 1 oni ng  t empe ra tur e ( s ) . 

Packaging  of  test  item, 
g.  Report  number, 
h  Details  of  tes ts . 

I  Document  detailing  test  procedure  lor  each  test. 

-2  ‘  V  1  w  V  '"i  t  1  0  T'i  t/  0  S  '*’j  3  . 

a  )  V  e  ^ ! c 1 e  I  s 1  s i mu i a  t  e  d  . 

'b;  Mileage  simulated. 

if'  Type  of  Vibration  Test  schedule  fswept  sine,  random,  swept 
•  I o  '  . w - ban  1  random- on  •  random ,  etc.'. 

d'  Te.st  orientations. 

'  '  ‘  s  e  c  a  r  g  o.  t  e  s  t 

,1 1  Tyne  .f  tibie  surface. 

'  b  '  'peed  of  t  a'  f  ^  . 

i  ;  ;  fi-  ;  ‘  or  ’  -in  tat  1  ons  . 


(c)  Drop  orientations. 


;5)  Shock  tests, 

la)  Shock  amplitude. 

(b)  Pulse  duration. 

(c)  Transient  duration. 

(d)  Type  of  shock  pulse. 

(e)  Test  orientations. 


A  database  to  store  information  that  was  used  in  the  development  of 
laboratory  vibration  test  schedules  was  also  deemed  necessary.  This  would  include 
all  information  pertinent  to  the  complex  development  process.  This  database 
includes  the  information  included  in  Table  3. 

TABLE  3.  LABORATORY  VIBRATION  SCHEDULE  DATABASE  SUMMARY 
Information  To  Be  Stored 

a.  Test  item(s),  name,  model  number. 

b.  Test  vehicle. 

c.  Location  of  test  item  on  vehicle. 

d.  Name  of  person  developing  schedule. 

e.  Scenario  information. 

(1)  Total  transport  distance. 

(2/  Percent  of  distance  used  for  schedules. 

(3)  Test  courses  utilized. 

(4)  Average  speed  on  each  ' ast  course. 

f.  Person  requesting  schedule. 

g.  Names  of  all  computer  files  generated. 

h.  Exaggeration  factor. 

1.  B/N  exponent  (Miner’s  Theory). 

j .  Number  of  standard  deviations  added  for  conservatism. 


k.  Type  of  vibration  test  schedule. 


Since  there  are  distinctly  different  types  of  information  to  be  stored  in  the 
database,  three  separate  databases  were  determined  to  be  needed.  These  three 
databases  are  independent;  however,  limited  cross-referencing  should  be  available 
for  data  common  to  more  thaji  one  database.  Examples  of  these  would  be  the  test 
Item  name  and  the  report  number. 

All  of  the  information  listed  in  Table  1  was  included  in  the  database  with 
the  exception  of  the  following: 

e.  Measurement  locations. 

f.  Test,  courses  and  speeds,  drop  heights,  or  rail  impact  speeds  with  run 
number . 

j.  Analyzed  data  file  names  (particularly  overlay  files). 

k.  Summarized  data  (rms ,  peak,  crest  factor,  kurtosis) . 

Each  of  the  above  data  types  has  a  large  number  of  possible  database  entries 
which  makes  the  complete  storage  of  information  impractical.  While  not  directly 
accessible  from  the  database,  the  excepted  information  can  be  readily  located  by 
e:<amining  the  logbook  and  data  storage  tapes  identified  through  the  database.  The 
information  listed  in  Tables  2  and  3  were  all  included  in  their  respective 
databases . 

These  databases  can  be  used  to  locate  information  on  previously  conducted 
tests  more  efficiently  than  prior  to  its  existence.  Most  of  the  test  details  can 
be  recovered  directly  from  the  databases.  The  actual  test  data,  which  is 
voluminous  in  most  cases,  can  also  be  recovered  more  efficiently  through  the 
databases  than  in  the  past.  Currently  the  test  data  on  file  at  the  Engineering 
Test  D’. '.'ision  are  stored  on  several  hundred  nine-track  digital  tapes.  The 
databases  can  direct  the  requester  to  the  tapes  with  the  desired  data. 

The  databases  will  make  shock  and  vibration  environment  information  more 
readily  available  to  designers  and  developers.  These  people  can  then  incorporate 
this  information  into  their  designs  in  lieu  of  remeasuring  the  shock  and  vibration 
levels  or  selecting  arbitrary  levels.  This  can  lead  to  savings  in  terms  of  both 
development  time  and  money. 

Ail  .shock  and  vibration  test  reports  are  now  filed  in  ascending  order  by 
report  number  making  it  easier  to  find  reports  which  have  been  identified  by  the 
databases.  Previously,  the  reports  were  filed  by  the  type  of  test  item.  In  some 
cases  where  more  than  one  type  of  item  was  tested  and  reported  in  a  single  report, 
locating  the  report  was  difficult.  Now,  the  databases  will  provide  the  desired 
report  number,s  and  utilizing  the  report  will  provide  any  detailed  information  that 
:s  not-  available  in  the  database. 


DATABASE  SYSTEM  SELECTION 


The  objective  was  to  create  or  locate  a  database  system  compatible  with  the 
computer  systems  currently  accessible  by  the  Engineering  Test  Division  which  would 
provide  an  adequate  amount  of  data  storage  space. 

At  the  start  of  this  investigation,  the  only  computers  available  were 
Hewlett-Packard  (HP)  1000  computer  systems.  The  original  plan  was  to  write  a 
series  of  FORTRAN  computer  programs  which  would  input,  edit,  and  retrieve  the 
database  information.  An  effort  was  started  in  this  direction  and  the  data  input 
software  was  written.  As  that  effort  was  concluding.  Zenith  model  Z-248  personal 
computers  (PCs)  were  acquired  by  the  Engineering  Test  Division.  Acquired  at  the 
same  time  was  the  Enable  1.15  software  package. 

A  subset  of  the  Enable  software  package  is  a  Database  Management  System 
(DBMS).  This  DBMS  allows  up  to  65,000  records  with  up  to  254  fields  which  can 
contain  up  to  254  characters  each.  Each  record  is  composed  of  fields  or  types  of 
information  and  the  information  in  each  field  is  referred  to  as  data  or  values. 
This  system  permits  the  entry  of  up  to  65,000  test  programs  and  254  different 
types  of  data  variables  per  test  program  [1]. 

At  the  time  of  acquiring  the  Zenith  computers,  it  was  decided  to  shift  the 
database  effort  from  the  HP  1000  minicomputer  to  the  Zenith  personal  computer.  The 
reasons  for  the  shift  were  the  ability  to  immediately  have  a  verified  and  usable 
database  system.  Utilization  of  the  Enable  DBMS  allowed  almost  immediate  data 
entry  and  data  access.  The  use  of  the  Zenith  computers  also  allowed  easier  access 
to  the  database,  in  that  these  computers  are  located  throughout  the  Vibration  Test 
Branch  while  the  HP  1000  computers  are  only  accessible  in  a  single  location. 

The  Enable  DBMS  was  selected  as  the  database  software  package.  The  shock  and 
vibration  database  has  been  placed  into  one  Zenith  computer  system  and  can  be 
transported  to  other  systems  on  5-1/4-inch  floppy  disks  giving  more  people  access 
to  the  database. 

By  using  the  Enable  database  package,  the  database  configuration  was 
established  and  the  system  was  ready  for  data  input  in  a  few  days.  Enable  also 
gives  better  portability  for  the  information  stored  in  the  database  because  it  can 
be  used  on  any  of  the  Zenith  computers. 

The  Enable  DBMS  comes  with  a  set  of  instruction  manuals  to  aid  users  of  this 
system.  This  precluded  the  need  to  write  a  set  of  instructions  which  would  have 
been  required  if  the  HP  1000  database  was  selected.  Overall,  the  Enable  DBMS  is 
fairly  easy  to  use  utilizing  the  manuals  provided  with  the  system. 

DATABASE  INPUT 

The  objective  was  to  develop  a  systematic  and  timely  way  of  entering 
information  from  past  and  future  test  programs  into  the  database.  For  ease  of 
operation,  the  databases  require  a  timely  method  of  gathering  information  from 
previously  conducted  shock  and  vibration  tests  as  well  as  from  future  tests  that 
■"i  1 1  be  conducted. 

The  first  step  in  the  data  input  process  was  to  gather  information  from  all 
previous  shock  and  vibration  tests.  The  types  of  information  are  discussed  in 


Tables  1  through  3.  To  make  this  eficrt  more  organized,  forms  were  developed  on 
which  all  of  the  test  data  from  laboratory  reports  and  test  logbooks  could  be 
summarized.  Two  basic  forms  were  developed,  one  for  field  shock  and  vibration 
tests  and  the  other  for  laboratory  tests.  Examples  of  these  forms  are  included  in 
Figures  1  through  4.  These  forms  differ  i.n  the  types  of  information  which  are 
summarized.  For  the  most  part  the  laboratory  shock  and  vibration  tests  are 
strictly  pass-fail  tests  with  no  response  vibration  data  measured.  Approximately 
cr,e-ha:f  cf  the  field  shock  and  vibration  are  also  pass-fail,  while  the  remainder 
.nave  some  type  of  response  vibration  measurements  made,  A  third  summary  form  was 
develcred  for  the  database  on  the  development  of  laboratory  vibration  test 
scf'G.luies  (figures  b  and  6). 

The  ohree  types  of  database  information  sum.mary  forms  were  completed  for  most 
of  the  testing  performed  by  the  Vibration  Test  Branch  as  far  back  as  available 
records  permitted.  Test  reports  and  data  for  field  shock  and  vibration  tests 
dating  back  to  1967  nave  been  located  and  are  included  in  the  database,  as  have 
the  1933  to  1988  laboratory  shock  and  vibration  tests.  Data  from  all  tests 
"o.nductfed  prior  to  1980  are  limited  to  the  information  contained  in  the  test 
report  This  is  because  the  magnetic  data  storage  tapes  from  tests  conducted 
pr.or  to  1980  have  been  destroyed  due  to  their  incompatibility  with  the  current 
data  analysis  system  and  the  need  for  storage  space  for  tapes  from  more  recent 
projects . 


Following  the  completion  of  the  summary  forms,  each  of  the  forms  was  examined 
and  checked  by  the  database  manager  for  accuracy  and  completeness  If  any 
discrepancies  were  noted,  the  correct  information  was  recovered  from  the  report 
and/or  logbook  and  entered  on  the  summary  forms. 

Currently.  as  tests  are  concluded  and  the  final  reports  written,  the 
appropriate  database  surrimary  forms  are  completed.  Then  at  biweekly  intervals,  the 
database  manager  examines  the  list  of  completed  projects  and  determines  if  the 
summary  forms  have  been  completed.  If  the  summary  forms  have  not  been  completed, 
the  database  manager,  either  on  his  own  or  with  the  assistance  of  personnel 
involved  with  the  test,  completes  a  summary  form.  Completion  of  a  summary  form 
usually  takes  from  2  to  5  minutes.  This  procedure  will  continue  to  be  used  to 
ensure  updating  of  the  database. 

Once  the  database  summary  forms  have  been  completed,  actual  data  entry  can 
begin.  The  Enable  DBf4S  allows  for  an  input  form  to  be  developed.  The  three 
developed  input  forms,  which  appear  on  the  computer  terminal  screen,  are  identical 
to  the  three  summary  forms.  Included  on  the  designed  input  forms  are  blank  spots 
in  the  same  location  as  the  blanks  on  the  summary  forms.  This  allows  the  data 
entry  person  to  simp'v  reproduce  the  summary  form  on  the  computer  screen  by  typing 
the  information  on  the  computer  keyboard.  Entering  the  data  from  a  single  summary 
form  ‘axes  approximately  2  minutes. 

After  the  completed  database  summary  forms  have  been  entered  into  the 
•omnu'-e.r  database,  they  are  stored  in  a  notebook  for  a  historical  record.  These 
forms  are  essentially  an  additional  backup  of  the  database  information.  Backup 
''■-roe:.'  of  the  database  are  made  at  periodic  intervals  on  5-1/4  inch  floppy  disks. 
The  most  appropriate  time  for  the  backup  copies  to  be  made  is  at  the  conclusion  of 
a  data  e  r,  p  r  y  ,s  e  .s  i,  o  n  . 

“he  -  f  the  d.ataba.se  summary  forms  allows  any  test  personnel  to  gather  all 
ent  test  information  oii  a  single  sheet  of  paper  by  simply  filling  in  the 
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FIELD  SHOCK  &  VIBRATION  DATABASE  SUMMARY  FORM 


SYSTEM  NAME:_^__ 
SYSTEM  ACRONYM: 


PRIME  MOVER  NUMBER,  VERSION; _ 

CARRIED  ITEM  NUMBER,  VERSION; _ 

TOWED  VEHICLElS)  NUMBER,  VERSION:_._ 
TRAILERED  ITEM  NUMBER,  VERSION: _ 

TEST  ENGINEER: _ 

TEST  COMPLETION  DATE  (MONTH,  YEAR); 

REPORT  NUMBER: _ 

LOG  BOOK  NUMBER: _ 

DOCUMENTATION  FILE  NAME:___~ _ 

PROCESSED  DATA  SAMPLE  RATE; _ 

RECORDING  CUTOFF  FREQUENCY  (Hz);___ 
DATA  ANALYSIS  FREQUENCY  RANGES; _ 

SUBTESTS  (check  ail  applicable) 
AIRCRAFT 


DROP 

ROAD 

FIRING 

OTHER 

MEASUREMENTS 

INSTALLED  EQUIPMENT 
LOOSE  CARGO 


ANALYSIS  TYPES 

AMJPLITUDE  DISTRIBUTION 

STRAIN  DISTRIBUTION 

POWER  SPECTRAL  DENSITY 

RIDE  QUALITY  (ISO  2631-1978) 

ABSORBED  POWER 

CREST  FACTOR 

SKEWNESS  &  KURTOSIS 

SHOCK  RESPONSE  SPECTRA 

SHOCK  INTENSITY  SPECTRA 

VIBRATION  SCHEDULES 

IMPULSE 


LIST  RAW  DATA  TAPE  NUMBERS _ 

DATA  TYPES  LIST  SAVE  TAPE  NUMBERS _ ~ _ 

ACCELERATION  LIST  PROCESSED  DATA  TAPE  NUMBERS 

STRAT 

displacement 


I  1  1’  lire 


Field  Shock  and  Vibration  Database  Summary  Form  (Side  One) 


D ' 


N 

PERRYMAN 

CHl’RCHVILLE 

Gravel 

i  1  . 

Cross-Country  No. 

1 

i. 

21  . 

Churchvilie 

’A’ 

o'  Washboan 

1  2  . 

Cross-Country  No. 

2 

*)  0 
>1/  -c  . 

Churchville 

■B' 

S'  WashDoard 

i  o  . 

Cross-Country  No. 

3 

23  . 

Churchviile 

'  C  ' 

.1  a  d  1  a  -  'Aa  s  Si  o  o  a  r  c 

14. 

Cross -Country  No. 

4 

BelKiar.  Block 

1  5  . 

Paved 

3'  Spaced  3umo 

16  . 

Secondary  Road  ’A’ 

Imbedded  Rock 

17  . 

Secondary  Road  ’B' 

Staggered  Bump 

o' trier  Munson 

19  . 

Ofner  Perryman 

29  . 

Other  Churchviile 

Profile  IV 

Spaced  Kamps 

Dne-Irch  Bumps 

Semi  c  :  r'c'.ilar  Bumps  iWES; 


*es*  uours* 


'IK  ,riil  Vibrarion  Databast;  Summary  I'orm  (Side  Two). 
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Tr.ST  ITEM  NAME: _  _  _  _ 

TE3"  ITEM  ACRONYM: _ _ _ _ _ 

TEST  ITEM  CATEGORY- 
(check  al :  that  apply) 

TYPE 

CARTRIDGES 

FUZES 

GRENADES 
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MORTARS 

PROJECTILES  _  DIAMETER 

PROPELLANTS 
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ViBRATION  SCHEDULE  DATABASE  SUMMARY  FORM 


TEST  ITEMiSi :  INSTALLED  EQ  SECURED  CARGO  SPECIFIC  ITEM 
s  e  1  e  c  1  one 

VEHICLE  : _ 

vehicle' form' 
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SCHEDULE  DEVELOPER; _ 

AXES  RELATIVE  TO:  _ VEHICLE  _ ITEM 


SCENARIO  INFORMATION: 

Total  Distance, • _ km 
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several  blank  spaces  with  check  marks  or  somewhat  standardized  short  answers.  The 
information  is  then  in  a  format  which  can  be  quickly  entered  into  the  computer 
database . 

Input  to  the  database  will  continue  as  additional  shock  and  vibration  tests 
are  completed.  Currently.  the  database  contains  information  on  all  field  shock 
and  vibration  tests  in  which  data  were  acquired.  An  effort  is  underway  to 
complete  the  entry  of  all  historical  data  from  the  laboratory  tests  and  from  the 
development  of  laboratory  vibration  schedules.  All  laboratory  testing  and 
vibration  schedule  development  which  have  been  reported  since  January  1983  has 
been  entered  in  the  database. 

The  data  input  procedure  has  been  working  well  in  that  the  amount  of  time 
required  to  gather  and  input  test  information  is  ir.'nimal.  Efforts  are  on-going  to 
enter  the  remaining  historical  laboratory  test  and  vibration  schedule  development 
information  into  the  database,  and  will  be  completed  shortly.  The  process  of 
entering  test  information  from  future  tests  will  be  continuous. 

DATABASE  OUTPUT 

The  objective  was  to  provide  requested  shock  and  vibration  information  from 
the  database  in  a  timely  manner  and  in  a  usable  format. 

Similar  to  the  Enable  DBMS  input  forms,  report  forms  can  also  be  generated. 
Currently  there  are  two  prepared  report  forms  for  use  with  each  database.  The  one 
set  report  forms  are  identical  to  the  handwritten  summary  forms,  and  contain 
all  of  the  same  information.  These  provide  the  requester  with  all  of  the 
information  stored  in  the  database  for  a  particular  test  The  other  set  of  report 
forms  is  shorter  and  contains  the  test  item  name,  the  type  of  tests,  the  report 
number,  and  whether  data  were  acquired  during  the  test.  Either  of  these  two  report 
forms  can  be  viewed  on  the  terminal  screen  or  outputted  to  a  printer.  In  addition 
to  the  two  prepared  report  forms,  the  database  information  can  be  presented  in 
other  formats  by  preparing  additional  forms. 

The  shorter  report  form  is  the  on:  which  is  requested  the  majority  of  the 
time  by  members  of  the  Vibration  Test  Crar ch .  This  form  lists  most  of  the 
commonly  requested  database  information,  namely  the  report  number,  the  types  of 
tests  conducted,  and  the  types  of  measurements  made,  i;  anv  . 

The  longer  report  form  has  so  far  been  used  only  to  duplicate  the  handwritten 
summary  forms  and  not  as  a  tool  to  locate  database  information.  This  form,  when 
used,  will  provide  the  most  complete  information  on  the  test  programs.  In  cases 
where  database  information  is  needed  immediately  (during  a  telephone  conversation 
for  example)  simply  reporting  only  requested  data  in  the  shorter  format  has  been 
found  to  be  the  quickest  method  to  determine  if  the  requested  information  is 
avai lable . 

Once  the  database  has  been  accessed  and  it  indicates  that  the  data  requested 
are  available,  the  database  manager  will  note  the  report  numbers  and  data  tape 
numbers.  The  next  step  is  to  locate  the  requested  information  first  by  looking  in 
the  test  reports.  If  the  information  is  not  recorded  in  the  test  re  rts  then  the 
data  tapes  are  retrieved.  If  the  database  indicates  the  required  information  has 
been  computed  and  stored  on  processed  data  tapes  then  these  are  retrieved  from  the 
tape  library.  The  processed  data  tapes  are  then  installed  on  the  HP  1000 
computer’s  tape  drive  and  the  requested  information  is  then  reformatted  by  the 


computer  into  the  desired  format.  The  data  formats  usually  desired  are  either 
plots  or  tables. 

The  Enable  DBMS  allows  the  user  to  retrieve  information  in  almost  any  desired 
format.  Currently,  only  two  report  forms  have  been  developed;  however,  additional 
report  forms  will  be  created  as  the  need  arises. 

The  database  information  can  be  accessed  directly  using  an  Enable  DBMS 
default  report  for:'.  This  would  be  done  in  the  event  information  is  desired 
quickly  and  precise  formatting  is  not  required.  This  metnod  will  list  only  the 
information  specified  and  is  most  useful  for  retrieving  a  limited  amount  of 
information  such  as  was  a  certain  test  conducted  on  a  specified  test  item. 

The  report  forms  aid  in  the  timely  location  of  information  stored  in  the 
database.  The  forms  identify  the  data  that  are  available  as  well  as  where  the 
data  can  be  found,  usually  in  test  reports  or  on  magnetic  data  tapes. 

TYPES  OF  AVAILABLE  DATA 

Ail  of  the  information  stored  in  the  databases  and  listed  in  Tables  1  through 
3  are  readily  available.  Additionally,  data  which  have  been  further  analyzed  are 
also  available.  The  analyzed  data  include  but  are  not  limited  to  time  history  and 
power  spectral  density  plots,  amplitude  distribution  data,  shock  response  spectrum 
data.  Desired  information  can  be  presented  in  various  formats  as  determined  by  the 
requester.  Som.e  examples  of  the  types  of  data  available  are  shown  below.  Figures 
7  and  8  show  sample  time  history  and  power  spectral  den.'Jity  plots  respectively. 
Table  4  is  a  saniple  of  summarized  acceleration  data. 

In  cases  where  the  requested  data  have  not  been  previously  computed  and 
stored  on  magnetic  tape,  the  raw  data  tapes  are  retrieved  and  the  necessary 
computations  are  .made.  The  computed  data  are  then  outputted  in  the  desired  format 
and  this  information  is  then  stored  on  properly  identified  processed  data  tapes 
which  are  annotated  in  the  database  for  future  use.  Also  available  is  the 
development  of  laboratory  vibration  test  schedules  for  cases  in  which  the  desired 
measurements  have  been  made. 

In  order  for  laboratory  vibration  test  schedules  to  be  developed,  additional 
information  is  required.  This  information  includes  the  exact  mounting  or  storage 
location  of  the  item  which  is  to  be  tested  in  the  vibration  laboratory. 
Additionally,  the  types  of  terrain  and  the  expected  vehicle  mileage  on  each 
terrain  type  need  to  be  identified. 

DATABASE  USAGE  DETERMINATION 

The  objectives  were  to  devise  a  way  to  measure  the  usage  of  the  shock  and 
vibration  database  and  to  document  who  is  utilizing  ..he  database. 

I..  order  to  keep  track  of  database  usage,  a  data  request  form,  was  developed 
(figure  9)  .  This  form  will  be  completed  ea'^h  time  the  Vibration  Test  Branch  is 
reques-.ed  to  provide  shock  and  vibration  data.  The  for.m  was  designed  to  record 
all  information  pertinent  to  the  data  requested  including  the  name  ana 
organization  j f  the  requester.  The  information  on  these  forms  is  used  by  the 
pe"3on  ac<~es.sir,g  the  database,  as  it  contains  the  ypes  of  information  to  be 
searched  for  in  the  database.  The  information  on  the  data  request  forms  is  then 
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RAIL  IMPACT 


DROP  OTHER 


I  A 7 A  .  Y I-  E  '  S  !  :  A M? LIT U D E S 


VIB  SCHS  OTHER 


■:'YA  DID  THE  REQUESTER  FIND  US  (circle  one) 


r  ;-.r.  V  i  'J.N 


WITH  VTB 


lACT  TEST 
SPONSOR 


TECOM  USACSTA 
PERSONNEL 


OTHER 


NAME  OF  PERSON  WHO  DIRECTED  REQUESTER  TO  VTB: 


WAS  VTB  ABLE  TO  SUPPLY  DATA'.circle  one)’  ALL  SOME  NONE 

-r  ADLTTIO'NAL  DATA  ANALYSIS  WAS  REQUIRED.  TIME  INVOLVED: _ hours 

WA:;  THE  S^V  DATABASE  UTILIZED  TO  RECOVER  DATA’  YES  NO 


DATE  SENT  OUT: 


12  Icrm  13  lo  measure  the  utilization  of  the  shock  and  vibration 
:':perat-..ri  :s  appreciated. 
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stored  in  a  separate  database,  since  this  information  is  dissimilar  with  the  other 
databases.  This  database  also  utilizes  the  Enable  DBMS. 

These  forms  have  only  been  utilized  for  a  short  time  as  the  shock  and 
vibration  database  is  in  its  infancy.  The  forms  are  easy  to  complete  and  have  been 
used  successfully. 

The  data  request  forms  also  provide  a  space  to  document  the  amount  of  time 
the  data  recovery  process  took,  including  the  time  for  any  additional  data 
analysis  not  previously  performed.  This  will  give  an  indication  of  the  number  of 
hours  spent  doing  research  and  analysis  on  projects  which  are  not  currently 
f  unded . 

Since  the  shock  and  vibration  database  is  just  getting  started,  its  use  has 
been  lim.ited  to  approximately  two  to  three  times  per  week.  It  is  anticipated, 
based  on  past  inquiries,  that  this  usage  will  increase  dramatically. 

REQUESTING  DATABASE  INFORMATION 

All  requests  for  information  must  be  made  in  writing  on  stationary  bearing 
the  letterhead  of  the  requesting  organization.  The  request  must  include  the 
information  desired  and  the  purpose  for  requesting  the  information.  Telephone 
requests  may  be  made,  however  no  information  will  be  released  until  a  follow-up 
letter  is  received.  All  requests  for  shock  and  vibration  information  should  be 
sent  to  the  Chief,  Vibration  Test  Branch.  The  mailing  address  and  telephone 
number  are: 

Commander 

US  Army  Combat  Systems  Test  Activity 

ATTN:  STECS-EN-EV 

Aberdeen  Proving  Ground,  MD  21005-5059 

Telephone:  COD  278-3787 

AUTOVON:  298-3787 


After  the  determination  is  made  that  the  requested  information  is  available, 
the  appropriate  test  director  or  supervisor  is  contacted  and  informed  of  the  data 
request.  The  test  director  or  supervisor  will  make  the  decision  as  to  whether  the 
information  can  be  provided  to  the  requester.  Under  no  circumstances  can 
classified  test  information  be  provided. 

The  letter  requesting  the  information  along  with  a  completed  Data  Request 
Form  will  be  retained  by  the  Vibration  Test  Branch  for  a  minimum  of  three  years 
from  the  date  of  the  request.  The  information  from  the  Data  Request  Form  will  be 
entered  ’nto  the  Shock  &  Vibration  Database  as  previously  stated. 
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1.  ENABLE  Data  Base  Management  and  Spreadsheet/Graphics,  Zenith  Data  Systems 
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VIBRATION  DATABASE  FOR 
AIRCRAFT  AND  ITS  APPLICATION 


Michael  T.  Orth 

Vi  right-I’attcrson  Air  Force  Base 
Aeronautical  Systems  Division 

KNFSB 
Davton  OH 


A  vibrarion  data  base  is  n^-cessary  for  verif\lng 
aircrart  structural  integrity  and  equipment  design. 
Vibration  data  is  obtained  through  numerous  flight 
tests  intended  to  capture  maximum  vibration  levels  and 
vibration  trends.  The  data  is  processed  through 
available  software  and  the  desired  output.  This  paper 
gives  a  brief  description  of  aircraft  vibration  and 
methods  of  obtaining  and  processing  flight  vibration 
data  in  order  familiarize  the  laymen  with  the  correct 
application  of  an  aircraft  vibration  data  base. 


INTRODUCTION 

The  Loads  and  Dynamics  Branch  (ENFSL)  of  Aeronautical  Systems  Division  has 
acq.iired  an  extensive  vibration  data  base  for  the  purpose  of  verifying  aircraft 
structural  integrity  and  equipment  design.  A  brief  discussion  of  aircraft 
vibration  along  with  methods  of  obtaining,  processing  and  applying  the  data  will 
b  e  p  r  0 i  d  e  d  . 

Aircraft  Vibration 

Numerous  sources  induce  vibration  throughout  an  aircrafu  including  the 
aerodynamic  boundary  layer,  turbulent  air  flows,  acoustic  fields,  pressure 
pulsations,  unbalance  of  rotating  equipment,  acoustic  cavity  resonances,  and 
repetitive  gunfire  blasts.  These  sources  produce  loads  small  in  comparison  to  the 
int.'rtial  and  aerodynamic  loads  used  in  aircraft  design  but  can  induce  structural 
fatigue  due  to  the  repetition  (frequency)  and  the  amplification  (Q)  of  the 
vibration  levels  by  airframe  and  equipment  resonances.  The  performance  of 

equipment  can  also  be  affected  by  vibration  without  fatigue  failure. 

T  '  categorize  the  severity  of  the  vibration,  the  aircraft  is  divided  into 
vibration  zonces  each  with  relatively  uniform  vibration;  an  example  is  given  in 
Figure  !.  Typl.,.  al  ly  vibration  is  lowest  at  the  nose  of  an  aircraft  and  is 
p r o g r e s s  i  V  < '  1 y  more  severe  moving  art.  This  occurs  because  the  aerodynamic 
hound  iry  l.iyer  beg.ins  to  separate  and  become  turbulent  moving  aft  due  to  the 
lO' no  t  oi  t  i  on  of  iiighly  disturbed  flows  from  airflow  perturbances.  Airflow  induced 
vibr  iti'jn  i  .iI-,0  d'.'pendent  ujion  variations  in  the  vehicle's  flight  envelope. 
Fiig’U.  vibration  is  p  r  ono  r  t  i  (a  na  1  to  dynamic  pressure  and  reaches  a  maximum  at 
an;.  i  m  it -V  ;  .9  ‘p-.o,  ^,,3  lewl,  decre.ising  during  transoiiic  airflow,  and  again 

;oi  r'  lsing  .art. er  Macbi  1  iFig.  2).  Vibration  design  crir-oia  i  <r  high  performance 
li  r  pi  ;:i";  a ‘  usually  dorriinat"d  Iry  t  h.e  vibrai  ion  ,i;  .d  V.icli  .it  the  lowest 

il  .  ilt  iMid'-.  ,'1.i  A  i  mum  vibrat  ion  during,  grouiui  o,i ,  ■  r  a.  i  j  o  n  oi'curs  .it 

:  ■  :  '  1  ■  ;  .  ■  ■  i :  u  r  ■  u  ind  roll  wPen  the  .i  cous  t  i  :  ■  no  i  s .  ■  of  '  i . .  ^  o  r  ,  :  i  j  .  oi  ,  v  s  t  e  m  is  ,  i 


maximum.  This  condition  dominates  the  vibration  criteria  aft  of  the  engines  for 
airplanes  which  do  not  fly  at  high  speeds  at  low  altitude,  ex.  C-13U  and  C-17. 


H.t.  I 


FIGURE  1.  VIBRATION  ZONES  OF  AN  AIRCRAFT 


1-lCURF.  2.  VARIATION  OF  FLIGHT  VIBRATION  WITH  MACH  NUMBER 
DEVELOPMFN”'  Or  OATA  BASE 


Obtaining  UaL.. 

The  vibration  environment  for  avionics  equipment  can  be  determined  by 
measuring  vibration  levels  during  flight  tests.  To  ensure  measurement  of  the 
maximi.m  levels  and  t.ie  vibration  trends,  many  conditions  In  the  aircraft's  flight 
envelope  must  be  included.  Additional  fliglit  tests  may  also  be  necessary  if  there' 
art'  modifications  to  the  aircraft  configuration  which  induce  changes  in  the 
aerodynamic  environment,  flight  envelope,  or  load  paths  of  the  vehicle. 

Equipment  located  in  the  equipment  bays  experience  vibration  through  load 
transfers  at  the  mounts  or  attachment  points.  The  vibration  input  to  the  avionics 
‘■quipment  is  measured  by  instrumenting  thr-  equipment  supporting  structur'v.  For 


H2 


i  pririiL  ciirecilv  exposeJ  L-:.'  Lric  .lirflow  (i.e.,  stort'S,  ariLennas,  missiles),  the 
s'r'LU  'utdi  ri'dpunse  raiiter  ihai'.  iapat  is  mi'iisiired .  The  difference  is  due  to  the 
i-cibiiLLv  ’,0  measure  t  lie  complL-x  '  :'.te>J  rat  i  on  of  pressure  fields  or  vibration  input 
'  ■  l:'e  suifact.'  of  the  external  e.;  u  i  praen  t  . 

in  ai:tua,'_  flii'ht  tests,  vibration  measurements  will  be  a  small  part  of  the 
:.st  program  du.'  to  the  expense,  time  co  ns  t  r  .a  in  t  s  ,  and  available  instrumentation, 
lie  number  and  loc'ation  of  pickups,  recording  time, and  flight  test  points  for 
vibration  measurements  will  be  high.ly  limited.  Pickups  will  be  located  to  record 
*:i^e  '/ibriition  of  structures  supporting  the  most  equipment.  Single  or  double  axis 
pickups  will  be  used  ratiier  than  tri-axial  as  much  as  possible  to  minimize 
i  n  s  i.  r  caiie  n  L  a  t  i  on  requirements  and  maximize  instrumented  Ic, rations.  Flight  test 
londiiLons  will  be  chosen  to  jirovide  the  most  information  about  the  aircraft's 
vibration  trends  (load  vs.  g,  level  vs.  Mach)  so  that  data  can  be  extrapolated  to 
all  parts  of  the  flight  envelope. 

V;  oration  measurements  from  a  flight  test  should  not  be  confused  with  those 
■a;  ,1  .•.■nicle  ground  vibration  test  (GVT).  Ground  vibration  tests  are  conducted  to 

i.'tertune  the  basic  structural  resonant  frequencies,  mode  shapes,  and  structural 
d  i.mpicg  characteristics  of  the  aircraft  (ref.  5).  During  a  GVT,  the  vehicle  is 
excited  by  arbitrary  low  level  vibration  which  is  not  inuicati\’e  of  the  actual 
tiis;r'.L  environment.  The  results  of  a  ground  vibration  test  are  used  in  the 
vel'.Lcie's  flutter  analysis  and  are  not  directly  related  to  the  design  of  avionic 
tu:  c.  i  pmont  . 


In  the  5fJ  '  5  and  early  60  ’  s ,  data  were  normally  recorded  on  an  oscillograph, 
ihe  p'.'ak  v.ilu<.“  and  trequencies  were  analyzed  directly  from  the  recorded  wave  forms 
lud.  wert;-  interpreted  as  sinusoidal  peak  values.  In  the  60s,  and  70s,  the  gage 
signal  was  analyzed  by  sweeping  the  time  history  of  Che  analog  signal  with  an 
e  1  LM  t  r  i  c  filter.  The  filter  acted  as  a  variable  resoiiator  to  determine  the 
f '■i.iq  i;r  y  c  o  ti  t  c.' H  C  of  thc  slgual  and  the  measured  amplitude  was  the  RMS  of  the 
signal  across  the  filter  bandwidth.  Because  th<c  measured  amplitude  is  an  average 
acf'jxS  i  bandwidth,  the  accuracy  of  the  output  at  a  particular  frequency  is 
iimift-d.  Also,  the  analysis  Lime  using  electric  filters  Is  lengthy  because  of  the 
nc'-'-ss  i '  y  to  dwell  at  the  increm.ent  of  the  record  being  analyzed  long  enough  to 

s',  a  L  i  St  i  ca  !  i  y  measure  the  variation  of  the  signal.  This  was  repeated  at  each 

I  r '  1  (.■  nc y  band  of  the  analysis  range.  A  compromise  was  required  between  accuracy 

:';i  lysis  bindwi  (1  til ,  aver.aging  time)  and  cost. 

i  t  n  '  -  Introduction  of  Fast  Fourier  Transform  (  FFT  )  so  f'' ware  and  the 

■  ■  SI  i  ;  a  b  i  .  i  t  y  M  :  :s' xpix-its  i  ve  digital  computers,  the  analysis  time  and  accuracy  have 
bixci  gt'satly  re. peed.  An  .analysis  is  performed  by  digitizing  the  analog  signal 
.we!  r  r  .1  n  s  f  o  r  m  i  n friim  the  time  domain  to  the  frequency  domain  with  the  FFl 
.or  w  ire.  I'!]..  FFT  preduce.s  narrow  band  I  i  ne  spectr.a  whicn  ari'  mathematica) 
tepr..-  eiv  i  t  j  ais  of  fi  Iter  outputs  centered  at  the  frequency  (it  ear  !i  line.  The 
V  i  b  r r  j.  .imp!  it, tide  rep  rissi.m  L  s  the  mean  square  value  of  all  components  in  the 
s  ;  n  li  witnin  tie-  f  r  i.-'j  inmc  y  baiidwidtii  .uul  is  .' i  vaai  as  t  hi'  ineasureci  variable  (ex. 
e  r.i !  i  o  ii  ,  ,  ' .  i  o  <■  i  t  V  ,  d  i  s  p  1  -1  ('  1/  me  II  t  )  s  q  ua  r  i -  d  |)e  r  Hertz  (ref.  1  )  .  A  plot  o  t 

osr  i!  ;  .n:ro  I  :  t  iide  vp  .  f  reijnein  y  is  oft./ii  tsd'-rred  to  as  .i  powio'  spectral  densitv 

.  ''s  ; ;  ;  I  '■  r  1  !  i  nil  s  |)e  e  t  r  a  i  fi'Ti  s  i  t  (  F  i  s  .  1  J  . 


FIGURE  3.  PSD  EXAMPLE 

After  the  flight  data  have  been  analyzed  and  are  in  hard  copy  form,  the 
maximum  vibration  levels  at  a  particular  gage  can  be  determined  by  enveloping  all 
measurements  at  that  gage.  Further  enveloping  of  the  multiple  gages  within  a 
particular  zone  is  done  to  determine  the  maximum  vibration  levels  within  that  zone 
(Fig.  4). 
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FIGURE  4.  A  VIBRATION  ENVELOPE 
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Tt.i-  flii;‘iL  vibration  daca  tiiar  tiXFSL  has  avail  abio  is  riven  in  Table  1.  Tb.e 
ti  a ;  1  ;a  I  rs'i’i  miner  vi-v  soiirees  and  in  many  forms.  The  data  usually  represents  the 
n'ix.  "j"  miax.  vibreLion)  condition  in  the  flight  envelope  and  does  not  represent 
a  -orimg  re  'vibriiiion  survey  throughout  the  aircraft. 

TABLii  1:  bXFSL's  AVAILABLE  FLIGHT  VIBRATION  DATA 


XC-li3 
0  151 
C  -  5  A 
L-oB 

F -  AC  '  G H 
F  TF-15 
,  \  -  7 


C-iTOA/B 

C-n3B 

DC- 10 

P-3C 

RF-4C 

F-loA/B/C 

A- 10 


HC-130H 
RC-1 33S 
T-43A 

BOEING  747 
F-1 1 lA/E 
B-58 


EC -I  3im,, 

KC-133 

E-3A 

DC/KC-lO 
RF-1  l!i 
B-52G  H 


C-13i)  GuNSHIP 
C-1 1 9B 
SALDl  E-3 
AV-8A/B/C 
F-1  5 
IR-l 


IIKLICOPTERS 

H-37A  ITl-lC  0H-6A  HH-3C  Hii  -a}  HH~60A/D 

SH-bOB 

'1 ISSILES  '•STORES 


GBi:-39/4a  PAVE  PENNY  ALCM 

i.;KC-lGOA-l  0RC-L6UA-H  ALQ-71 

AMRAAM  A1M-4D  FIRE YE 

CONDOR  SHRIKE  GBU-i5 


RF-4C  CENTERLINE  TANK 
F-13-1MV  F~14;'IMV 

F-i6-'AIM  9-L  F-15/AIM  9-L 
ESL-473  PAVE  TACK 


APPLlCAnoN  OF  PROCESSED  DATA 

To  ti'  t  rh(,  performance  of  the  equipment's  de.si>tr!  in  the  aircraft's  vibration 
eno : rcinment  (qualification  test),  the  equipment  is  vibrated  on  a  mechanical  shaker 
t  '  Ate  t'eqiiired  zone  vibration  levels.  It  is  desirable  to  shake  the  item  for  its' 
iuli  lifetime,  however,  compromises  of  the  test  duration  are  typical.  The  test 
fluration  is  determined  through  a  relationship  between  the  desired  life  of  the 
'Ajiiipment,  the  average  vibration  for  each  segment  in  the  mission  profile,  the  test 
input  levels  (performance  levels),  and  the  S  vs  N  curve  of  the  equipment  material 
I"  Fu  .  1  )  (  re  1  .  6  )  . 

(W :  W2)**b  =  (T2  /T1 )  Eq  .  1 

whcTe:  W  =  Vibration  Level 

T  -  Time  0 

h  '=  material  constant  (slope  ut  log,  log  S/N 
curve)  typically  specified  as  4  for 
1 1  urn  i  num 

r  h  ■  t .  ■  t  ■■  .til  bi_  ,i  c  c  t'  j  e  r  a  L  e  d  b  v  selecting  a  s  ho  r  t  e  r  test  Jurat!  a  n  a  n  d 
ii'C''  i  s  i  n  ,■  the  input  level  throui'h  Eq  .  I.  The  new  test  liwel  is  t  vpimul  iv 
ef,.,;  i  ,  ,]i,  ,n  .uidii  raure  level.  The  f  light  ('und  i  t  i  on  chos(ni  for  obtaining  t  h,e 
'  n,u  i-  me-  juali'  ic.ation  levels  aiay  differ  Irom  ihos..  used  Inr  f  u  :  ■  c  L  i  a  r, ,,  ! 
a  ,  ■  1  ,  '  !  ;  '  I '  :  lU  .  Ibis  e,  ■ ,  - 1 1  r  s  where  t  !ie  eq  u  i  pineii  L  is  '..it  !  ■  u  u  i  i  e  d  t  <  >  I  u  n  c  ;  i  ui  liu  r  i  n  g 

:  r  '  n  "i  ■  ■  r,  •  '"re!.  i  )  .  T  w  test-  e  u  u  i  g  m  ■  ■  ■  1 1  as  it  is  used 


r 


i  !! 


service  life,  the  test  levels  and  duration  are  continually  adjusted  to  account  for 
aircraft  modifications.  Aircraft  which  ENFSL  has  established  functional  and 
endurance  vibration  criteria  are  ^iven  in  Table  2.  The  available  data  is  in  the 
form  of  PSDs. 

TABLE  2:  AIRCRAFT  WITH  FUNCTIONAL  AND  ENDURANCE  VIBRATION  CRITERIA 


A-7 

A-10 

B-IB 

B-52 

C-5A 

C-141A 

KC-10 

KC135 

E-3A 

C-130 

F-5 

HH-60 

F  - 1  1  1 

F-15 

F-16 

F-4 

T-43 

Another  method  of  testing  the  design  of  equipment  in  an  aircraft's  vibration 
environment  is  to  scale  the  performance  level  with  the  dynamic  pressure  of  each 
segment  of  the  mission  profile  to  obtain  a  varying  vibration  level  throughout  the 
mission  (ref.  4).  A  test  is  then  conducted  which  approximates  the  vibration 
environment  for  a  typical  mission  of  the  aircraft.  The  test  is  repeated  until  a 
life  of  the  aircraft  has  been  represented.  The  vibration  level  in  each  segment  of 
the  mission  profile  is  scaled  using  the  following  relationship. 

W/Wmax  =  (q®2/qmax®2)  x  k  Eq .  2 

W  =  Vibration  level  during  mission  segment 
Umax  =  Performance  level 

q  =  Dynamic  pressure  during  mission  segment 
qmax  =  Dynamic  pressure  at  .9  Mach  an(  sea  level 
k  =  Transonic  flow  factor 

The  data  which  ENFSL  have  collected  are  in  hard  copy  form  and  from  a  wide 
range  of  sources.  ENFSL  cannot  provide  copies  of  the  data  but  can  give 
references.  The  data  can  be  reviewed  in  our  office  and  a  limited  number  of  pages 
can  be  reproduced. 

REFERENCES 

1.  J.  F.  Dreher,  E.  D.  I, akin,  E.  A.  Tolle,  "Vibroacoustic  Environment  and  Test 
Criteria  for  Aircraft  Stores  During  Captive  Flight,"  Shock  and  Vibration 
Bulletin  39,  April  1969. 

2.  Svende  Cade,  Henrik  Herlufsen,  "Windows  to  FFT  Analysis,"  Sound  and  Vibration, 
March  1988. 

3.  C.  M.  Harris,  C.  E.  Crede,  "Shock  and  Vibration  Handbook,"  McCraw  Hill,  1976. 

4.  M.  L.  Lindsley,  "Vibration  Design  Criteria  For  Avionics,"  Aerospace  Technology 
Conference  Proceedings  October  87,  SAE  #871768. 

5.  Military  Specification,  "Aircraft  Structures,  General  Specification  For," 
MlL-A-87221  fUSAF)  28  February  85. 

6.  Military  Standard,  "Environmental  Test  Methods  and  Engineering  Guidelines," 
Method  514.3  M IL-STD-8 1 OD. 


8fi 


VIBROACOUSTIC  PAYLOAD 
ENVIRONMENT  PREDICTION  SYSTEM 

(VAPEPS) 


THE  IMPORTANCE  OE  NO\-RESONANT  AM) 
INPLANE  VIBRATION  TRANSMISSION  IN 
STATISTICAL  ENERGY  ANALYSIS 


Dr. 


Kohort  K.  Powell  and  Dr.  .Jerome  K.  Manning 
(iainhridge  Collaborative,  ine. 

6«9  (.oneortl  Av<’nu«‘ 

Cambridge.  MA  (121.38 


.Most  of  the  applications  of  Statistical  Energy  Analv.sis 
(SEA)  presented  to  date  consider  the  interaction  ol 
resonant  acoustic  modes  in  air  and  bending  def oinna t i on 
modes  of  beam  and  plate  structures.  However,  there  are 
ine.ny  cases  of  practical  significance  where  the  prcdomlr.an' 
coupling  mechanism  between  two  resonant  mode  group.t  is 
through  the  non-resonant  (mass-like'  or  spring-like) 
dynamics  of  intervening  structure.  There  are  other  cases 
where  the  primary  coupling  mechanism  is  through  resonant 
inplane  (compressional  and  shear)  vibrations,  This  paper 
explores  several  examples  of  non- resonant  and  inplane 
coupling.  Comparisons  are  made  with  exact  simulations  of 
two  beam  networks. 


INTRODUCTION 


S'atistical  Energy  Analysis  (SEA)  is  an  approach  to  the  modeling  of  fluid  and 
t  ura  1.  dvnamics  that  considers  the  responses  of  and  interactions  betwe.eti 
groups  of  modes.  .An  SEA  model  evaluates  the  vibrational  energy 
1  i  r  i  but  ion  among  the  resonant  mode  groups  (subsystems)  of  a  structural  and/or 
:  ''  .V.-,  tt-iii.  The  result  of  the  analysis  is  the  average  dynamic  en^ergy  of  the 

'  .'I  ‘.fits ,  fron'  which  the  response  variables  of  acceleration  and  pres.sure  are 

■  a  1  . '.;la  t  ud  .  Bfuu'n.ise  the  calculation  is  statistical,  the  p'"ediction  of  response  can 
:  :i-  ;  ude  i.io:  h  the  expected  mean  value  and  higher  noments  such  as  the  expected 

;■  uiflard  devuition.  This  information  can  be  ecially  useful,  to  manufacturers 

■  t.-;:  ;,.',  ‘o  predict  how  many  units  of  a  production  run  might  be  expected  to  exceed  a 

td'.A  mtthod.s  differ  from  dc-termi  ni  stic  analyses  such  as  finite  elements  in  two 

■  erdei:  en' a  1  a.spect.s:  the  statistical  description  of  the  system  itself  and  the  use 

''iviiimic  energv  ana  pnweu'  as  the  system  variables.  The  svstem  being  .analvxed  is 
c.riiien,  •  f,  he  drawn  from  an  enst-rable  of  similar  systems  v;hose  fivntnriic  propert  i  ^cs 
na  kr.ov,':’.  '  ri  a  stati.stirai  sense  '1;.  that  is,  the  natural  f  re' p  tenc  i  e  s  and  mode 
;l,,ipf,  ii;,'.'  he  taken  ,if  random  variables  de.scrihed  by  probahility  distributions, 

■I'le-i  as  deterministic  values.  Thi;,  aft.sumpt  ion  may  ."ueni  unnat  ur.'i  i  to  t  lunse 

e- '  ■  1  ■  a!:i.  ■  c  to  mof.ia  1  analysis  of  the  f  i.rst  ten  .system  modes,  I'Ut  tliose  with 
an:"  r  ;  .-nce  in  hi.rliei-  freqt.iency  testing  can  appreci.at.e  tlie  inherent  v.u' i  ah  i  1  i  t  v  ol 
iri  -''td'.-r  mrwies,  'I'he  use  of  ener>',v  and  power  variahle.s  in..ti'aii  of  d  i  s  [i  1  a  c  iiva  n  t 
a  '  is  f  vtndanien  r  a  1  to  tin-  g,roup  i  lig,  of  ".similar"  mode-;  into  .sule-:  vs  i  enrs  iliit 

;t'  ‘rea'^'d  as  a  single  dogree  of  f  ref  dom  iti  the  tinalesis.  Tiie  euvryv  of  ..,rj 

'tofts.  ener;;v)  in  a  subsvs!f-nt  is  ast.uiiie'l  eijual  clue  to  siniit.ir  exi  it  ation, 

1  t s  rd  c  fju  j;  )  i  riy,  ;>  rfip.  ■  r  •  j  ^  S  EA  ’  s  d'  ■  sc  r  i  p  t  i  on  'if  the  s  t  .  1 1  f  of  t  ! ..  1  'f 


-  ..no  rL,  ios  of  the  .subsvsteiii"  aJ  lows  a  natural  handling  oi  fluid/structure 

;■  ■  r.v’ •  '  on. ,  a'.-oidirt-n  the  eliang,e  ol  variables  to  pressure  or  potential  that  is 
.  r.-nnirt-d  in  finite  element  .iu.cilvsis. 

.t  o..:::.o.r:  ;-:u  sconeept  ion  abo\.it  Si’.A  is  that  excitation  and  responses  must  be 
.  o.doi:i  n'ise.  SEA  pretlicts  the  rt-.sponse  to  pure  tones  of  the  ensemble  of  systems 
:  ;  v'n.ioh  anv  .single  unit  is  drawn.  As  the  frequency  bandwidth  of  system 
.■■.oir  ition  is  decreased  to  zero  while  maintaining  constant  power  input,  the  mean 
'.na-rr.v  predict  ioi"  remains  coc.stant  while  the  standard  deviation  prediction 
;  t.c  re.nst  .,  .  A  purr-  tone  standard  deviation  includes  the  expected  variations  in 

snor.st.-  due  to  the  excitation  frequencv  coinciding  with  system  resonances  or  anti- 

This  paper  begins  by  reviewing  the  basic  SEA  equations,  including  the  formulae 
,■  .psed  to  evaluate  point  coupling.  Reasons  for  including  coupling  through 
:  u.-resutiar.;  modes  and  inplane  modes  are  then  discussed.  Two  examples  that 
i 1 '  ’  :s ri a: e  t.  ese  forms  of  coupling  are  examined  by  comparing  "exact"  deterministic 
; :  mu  1  a  t  i  op.s  to  several  different  SF..A  models.  Recommendations  are  suggested  i.r 
.■•■corn  ir.  ipg  svstems  that  may  require  non- resonant  coupling  or  inplane  mode  groups. 


SEA  BASICS 

Tic.'  SEA  response  prediction  is  .accomplished  by  the  setting  up  and  solution  of  a 
.•••_  'd  li’.Lcar  power  balance  equiations,  one  for  each  subsystem.  In  the  steady 
c'  .-ite,  tl.o  .sum  of  the  power  dissipated  in  a  subsystem  and  the  net  power  transferred 
'  :'o:n  ori,.-;-  subsy.stems  i.s  eqtiai  to  the  externally-suppl  ied  input  power 

'^.-ii.s.r  ’  ^trans  ^^in 

inpu‘  power  proviJed  by  a  point  force  F  acting  on  a  structural  subsystem  can  be 
■ilc'ijayui  from  the  c  .'ive  point  conduccance  G 

-  Re(V/n  (rO.  G  (2, 

,.'e  ‘.ii.;-  ryiai'.tity  in  brackets  is  the  meaii  -  sepuare  force.  The  conductance  of  a 

1  .sv-st-em.  averaged  over  frequency,  can  be  shown  [2;  to  be  equal  to  the 
;•  •in;.:.'  ■.•.’sreni  conductance  •.■;here  the  subsvstem  boundaries  have  beeit  extended  far 
c'r.o  'iri'/e  point.  Thus,  the  infinite  system  conductances  may  be  used  in 
.Eo  '.'.I  to  calculate  inpi.it  pov;er  for  .an  SEA  model. 

T:c.  po',.;,.r  dis.sipat.ed  by  the  resonant  modal  re.sponse  i.s  proportional,  to  the 
•'■■•a/  E  of  rhi-  .subsystem 


^'diss 


( -5 ) 


radian  f  requi-r.cv  and  i.s  the  (i  i  ss  Lpat  ion  loss  t  actor,  which  is 

wicc  the  crit  ic.il  damping  ratio  ".  The  total  energy  is  the  product  of 
tois'pv  ^  Slid  !  he  number  of  .subsy.s tern  mode.s  N  that  are  excited  in  the 
icnid.  Aw  under  con.s  i  derat  ion 

•  t  *  ' 


t'l  to  ;  :>•  rodu'e  the  mods:  dens  j  '  v 
■iod.ea  in  a  unit,  fjarid’wi  rit.h 


r'-l  .S 


T)  ) 


t.lu‘  average  number  of  re.sonant 


'.•'1,  Ll'*-'  ;:ur>s  vs  r  v-il-  ITiCX.’L'S.  ;  no  use-  (>1  I-incio  -.-O’li;.  1.)^- 

s'ji^ii.so  :  o  pure  Loiies  .  1  e  ttu-  nicsi^il  dc-iis  i  t  ■/  i  s  e 

*  -  '.’i!  i  ’.i.'i  t  L*  u  St  t  r  I’n-  c  o  u T;  r  1  i  c'  i' j Lie  i k’  ^ j  r  'i  ii  v  n u  i '. ci  i  0. ' 
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For  subsystems  connected  at  a  point  junction,  the  SEA  coupling  factor  can  be 
calculated  from  a  transmission  coefficient  r  that  is  the  ratio  of  transmitted  to 
incident  power  [3] 


(2  - 

where  the  t  in  the  denominator  accounts  for  the  distortion  of  the  field  in  the 
source  subsystem  when  the  coupling  is  strong  (t-*!) .  When  the  coupling  takes  place 
through  the  motion  of  a  single  degree  of  freedom  (unidirectional  translation,  for 
example),  the  transmission  coefficient  can  be  expressed  in  terms  of  the  impedances 
Z  of  the  suhsystem.s 

4  Re{Z^)  Re(Z= } 

•J  /  T  n 


where  the  summation  in  the  denominator  represents  the  total  impedance  of  the 
junction  degree  of  freedom.  lifhen  multiple  degrees  of  freedom  (such  as  rotational 
and  translation  velocities)  transmit  significant  power  across  the  junction,  the 
average  power  transmitted  can  be  approximated  by  the  incoherent  sum  of  the  power 
transmitted  by  each  degree  of  freedom  with  the  others  blocked. 

Equation  Solution 

The  power  balance  equations  (Eq.  (1)  for  each  SEA  subsystem)  must  be  solved 
simultaneously.  With  the  modal  powers  as  the  unknowns ,  Eqs .  (9)  and  (10)  may  be 
substituted  into  Eq .  (1)  to  write  the  matrix  equation 

[A]  (f)  =  {n^^i  (14) 

where  the  diagonal  elements  of  the  coupling  matrix  [AJ  are  all  positive 

^i;  i  “  ^diss  ^  ^i;j 

j 

and  the  off-diagonal  elements  are  symmetric,  negative,  and  smaller  in  magnitude 
chan  the  corresponding  diagonal  elements. 

^i:j  ^  '^i;j 

After  solving  Eq .  (14)  for  the  modal  power  distribution,  the  response  quantities  of 

average  subsystem  velocities  and  net  power  flows  may  be  calculated  through  Eqs.  (8) 
and  flO),  respectively.  Velocities  may  be  converted  into  accelerations  or 
stresses,  as  desired.  Power  flows  are  useful  in  diagnosing  the  transmission  paths 
•hat  dynamic  energy  follows  in  reaching  critical  components.  All  calculations  must 
tir-  repf-ated  for  each  frequency  band  of  interest,  since  most  of  the  dynamic 
parameters  will  vary  with  frequency. 


NON-RESONANT  TRANSMISSION 


The  impedances  used  for  calculating  SEA  coupling  factors  are  typically  taken  to 
i)f:  f.he  characteristic  wave  impedances  of  the  infinite  or  semi  -  inf  ini  te  systems. 
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Fig.  1.  SEA  Model  of  Non-Resonant  Coupling 
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large  compared  to  Z^. ,  The  transmission  coefficient  is  reduced  also  since  Re  ( Z  j  1  is 
attenuated  for  a  very  compliant  spring. 


Applications  of  Non-Resonant  Transmission 

Acousticians  are  familiar  with  the  mass-law  transmission  loss  of  panels 
separating  two  acoustic  spaces.  This  form  of  mass-controlled  coupling  is  important 
at  lower  frequencies  because  the  resonant  panel  modes  are  only  weakly  excited  by 
the  long- wavelength  sound  waves.  The  proper  modeling  of  this  configuration  was 
important  for  early  SEA  applications  to  space  payload  environments  [4]  and 
arcliitectural  acoustics  [5J.  The  use  of  limp  mass  barriers  (trim  panels)  is  also 
employed  in  commercial  aircraft  noise  treatments.  The  transmission  of  panel 
vibration  across  a  frame  member  is  of  critical  importance  for  predicting 
s t rue t ureborne  no  use  in  ships.  Some  panel  modes  will  couple  into  the  beam  modes  of 
the  frame  and  thus  transmit  resonantly,  but  the  panel  waves  transmitting  energy 
fore/aft  will  tend  to  be  normally  incident  on  the  frame  and  will  transmit  through 
the  mass  -  controlled  frame  impedance.  The  structural  applications  of  blocking 
masses  and  elastic  isolators  have  been  covered  extensively  from  the  standpoint  of 
transmission  efficiency  [6],  which  can  bt  used  directly  for  SEA  modeling  through 
Eqs .  (12)  and  (13) . 

The  non-resonart  transmission  through  stiffness-controlled  coupling  modes  is 
encountered  repeatedly  in  the  modeling  of  noise  control  treatments.  Elastomer 
mounts  for  the  isolation  of  machinery  are  employed  in  all  fields  of  transportation, 
and  in  the  design  of  commercial  buildings.  Shipboard  noise  control  requirements 
are  leading  to  the  application  of  hull  coatings  in  order  to  decouple  the  hull  from 
the  external  fluid.  A.n  interesting  type  of  elastic  isolacion  is  that  provided  by  a 
bubble  -  filled  fluid  layer  just  outside  of  the  hull. 


INPLANE  TRANSMISSION 

Early  applications  of  SEA  were  primarily  directed  at  the  sound- structure 
interaction  problem.  Spacecraft  environments  and  building  acoustics  problems  had 
relatively  short  transmission  paths  that  were  well-described  by  acoustic  modes  in 
air  and  flexural  (bending)  modes  in  the  structure.  As  SEA  techniques  have  been 
applied  more  extensively  to  large-scale  structureborne  noise  problems,  the 
inclusion  of  inplane  compress ional  and  shear  modes  has  become  necessary.  There  are 
two  basic  reasons  for  the  importance  of  inplane  transmission:  The  high  wavespeed 
and  impedance  of  inplane  wave  types  results  in  less  attenuation  with  distance  than 
occurs  for  flexural  waves.  The  other  factor  is  that  design  optimization  for 
minimum  weight  and  stress  results  in  designs  that  carry  gravity  and  operational 
loads  through  the  membrane  stiffness  of  the  structural  members.  The  dynamic  loads 
tend  to  follow  the  static  load  path,  which  has  been  optimized  to  avoid 
discontinui ties . 

Even  though  the  flexural  waves  in  a  structure  may  be  more  strongly  excited  by  a 
source  of  vibrational  energy,  the  high  wavespeed  and  low  attenuation 
characteristics  of  inplane  modes  leads  to  the  inplane  modal  energy  eventually 
exceeding  that  of  the  flexural  modes  for  distant  structural  locations.  Coupling  of 
the  inplane  modes  oack  into  flexural  modes  occurs  at  asymmetrical  impedance 
discontinuities,  such  as  the  bulkheads  and  frames  of  a  ship  hull.  The  inplane- 
e;-;cLLeu  flex..».al  inodes  in  turn  radiate  sound  that  could  interfere  with  sonar 
sensors  or  increa.se  tlie  ship's  radiated  sound.  The  inplane  modes  often  act  as 
"carrier.s"  of  energy  over  long  distance,  although  the  amplitudes  of  the  inplane 
iTiodes  themselves  i.s  rarely  a  problem.  In  fact,  the  vibration  amplitudes  of  inplane 
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nuidfS  a>,;o  oxc  ee-d :  iu;l  v  difficult  to  niuasuro  direct  Iv  because  the  local  strains  and 
accelerations  of  ilextiral  modes  tend  to  be  much  higher.  In  spacecraft  structures, 
the  ittplane  modes  of  truss  structures  tend  to  ha'/e  smaller  impedatice 
discontinuities  at  joints  titan  do  the  flexural  modes.  The  typical  reduction  in 
diaiix'ter  of  the  truss  members  ix-duce.s  the  flexural  rigidity  more  them  it  does  tlie 
1  oitt.i  tudina  1  st  i  ffness  . 

■dtp  1  i  c  .a  t  i  ons  of  Inplaite  Transmi-ss  i  on 

.y  i'ecep.i  application  of  SEA  metliods,  including  inplant'  modes,  was  reportc-d 
.at  a  1  .'ibot  itor'.'  model  of  a  ship  foundation  and  h’.i  11  section.  This  vjork  vtas  also 
'ited  in  a.n  article  discussing  inplane  transmission  '8!.  Tht‘  model  described  in 
tiiis  research  was  selected  for  an  in-house  SEA  analy.sis  by  Camliridge  dollaborat  i  ve . 
■etp  structure,  consisting  of  seven  welded  nlates,  is  shown  in  Fig.  2.  Tlie  rtcsults 
or  -tt.A  predictions  with  bending-only  and  bending/inplane  models  are  comparpci  to  tla 
measurements  of  '7]  in  Fig.  3.  It  can  be  seen  that  the  bending-onlv  model  vn'.du  r- 
predic'ts  the  vibration  transmission  from  the  top  plate  o  the  bottom  plate.  The 
inclusion,  of  inplane  mode  types  in  this  case  improves  ti\e  agreement  wi  tii  tlie  dat  a. 


leC  I  C.Vtf 


Fig.  2.  Model  of  Ship  Foundation  &  Hull 


Fig.  3.  SEA  Model  and  Measured  Data 


BEAM  TEST  CASES 

A  two-dimensional  .system  consistiing  of  t.hree  beams  was  chosen  to  demotis  t  r<i  t  e 
the  influence  of  i  ion  -  r  e  sonan  t  and  inplane  coupling.  Fig-  'a  shows  the  configuration 
of  the  t  wo  test  ca.se.s  .  The  top  an":!  bottom  beam.s  are  connected  1.5  m  from  an  end  bv 
a  •.■erfical  beam.  The  di  me'n.s  i  on.s  are  summarized  in  Table  1.  In  both  cases,  the 
dfci'ping  loss  fai.'or  is  a  moderate  0.06  in  the  to’p  and  vertical  beams,  while  the 
lov/cr  beam  wa.s  a.ssifuierl  a  high  loss  factor  of  0.2,  With  excit.arion  applieti  to  ;  bp- 
*  ^ip  bea;:  ,  the  hig,ii  d-iinping  in  the  1  o'.-;e  r  beam  .simi.ilates  coi.tplinr,  losses  to  .s  l.iiu’e 
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structure.  Damping  loss  factors  must  be 
higher  than  coupling  loss  factors  in  an  SKA 
model  to  avoid  equipartition  of  modal 
energy.  If  the  coupling  away  from  a 
subsystem  is  stronger  than  its  internal 
losses,  then  it  will  tend  to  have  the  same 
modal  energy  as  its  neighbors  and  its 
response  becomes  insensitive  to  coupling 
changes.  Care  must  be  taken  in  any  study 
of  SEA  coupling  factors  to  avoid 
equipartition . 

In  the  first  configuration  (case  1), 
the  vertical  coupling  beam  was  half  the 
thickness  of  the  top  and  bottom  beams.  The 
width  and  elastic  properties  are  the  same 
in  case  1  for  all  of  the  beams,  and  the 
joints  are  rigid.  This  is  a  typical  case 
where  the  bending  modes  of  the  vertical 
beam  transmit  resonantly.  For  the  config¬ 
uration  chosen,  those  bending  modes  have 
dissipation  losses  that  reduce  resonant 
transmission  into  the  bottom  beam. 

For  case  two,  the  impedance  of  the 
vertical  beam  was  increased  by  making  it 
from  steel  with  twice  the  thickness  of  the 
top  and  bottom  beams.  Flexural  transmis¬ 
sion  was  blocked  by  hinges  at  each  end  of 
the  vertical  beam,  simulating  a  thick 
bulkhead  with  stress  relief  at  the  joints. 

Deterministic  Analysis 

A  beam  transmission  line  simulaticn 
program  (TRAN3D)  developed  at  Cambridge 
Collaborative  was  chosen  to  perform  the 
"exact"  analysis  of  the  coupled  beam 
problem.  While  using  fewer  than  ten  grid 
points,  this  method  gives  results  compar¬ 
able  to  the  direct  solution  of  a  beam 
finite  element  model  with  a  very  fine  mesh. 
In  addition,  the  code  calculates  kinetic 
and  potential  energy  in  the  elements,  a 
valuable  tool  for  comparing  to  SEA  results. 
For  each  beam  configuration,  the  model  was 
run  with  a  unit  force  excitation  for  301 
logari thmical ly-spaced  frequencies  from 
10  Hz  to  10  kHz.  Results  were  processed  for 

•  drive  point  mobility  on  the  top  beam 

•  bottom  beam  energy  /  input  power 

The  energy  of  the  bottom  beam  integrates 
the  velocity  distribution,  smoothing  the 
mode  -  to -mode  variations.  Normalization  by 
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rig.  4.  Beam  test  case  configurations 


TABLE  1.  BEAM  DIMENSIONS 
Top  &  Bottom  Beams  (Aluminum) 


Length : 

3.00  m 

Width: 

0.05  m 

Thickness : 

0.04  m 

Density:  2.7x10 

3  kg/m^ 

Young's  Modulus:  7.0x10'^  Pa 

Loss  Factor  (Top  Beam) : 

0.06 

Loss  Factor  (Bottom  Beam) : 

0.2 

Vertical  Beam 

Length : 

1.5  m 

Width : 

0.05  m 

Loss  Factor  (Vdiss^  • 

0.06 

(Case  1,  Aluminum) 

Thickness : 

0.02  m 

Density:  2.7x10^  kg/m^ 

Young's  Modulus:  7.0x10^*^  Pa 


(Case  2, 

Thickness : 

Density : 

Young's  Modulus: 


Steel) 

0.08  m 
7.8x10^  kg/m^ 
2.0x10^*^  Pa 
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input  pover  removes  the  reson.an.t  pioiks  .  tLirthL't  smoothing,  tlu-  n.irrov  haiui  data. 
Tb,e  sitoothing  of  de  r  erm  i  n  i  sr  i  c  data  tacilitate.s  eoiiiparison  to  tlu-  .s  1  ov;  1  v  -  va  r  i  nj; 
SEA  pred.i  crions.  . 


Simple  SEA  models  of  the  beam  test  cases  were  prepared  to  run  under  Cambridge 
Collaborative’s  SEAld  '9;  comptiter  code.  Flexural  subsys tein.s  v^ere  used  for  the  Cop 
.and  bottom  beams,  and  for  the  vertical  beam  in  case  1.  Inplane  subsysttuiis  were 
used  to  model  longitudinal  modes  in  the  vertical  beam.  Dimensions,  material 
■  roperties,  and  daiiiping  loss  factors  were  identical  for  the  do  t  erm  i  n  i  s  C  ic  and 
.s  ta  t  i.s  t  ica  1  analyse.-.  Non- rcscn.an’".  t  ran.smission  was  included  explicitlv  in  the  SE.A 
:i’odel  h’,'  joining  the  top  and  bottomi  beams  onlv  at  a  junction  with  the  added 
impedance  of  the  vertical  beam  mass.  In  tiiis  case,  the  impedance  of  1  ong  i  ttid  ina  1 
.mode.s  in  the  vertical  beam  was  larger  than  ttie  flexural  impiedance  of  the  top  and 
bottom  beams,  so  no  isolation  compliance  was  modeled.  Two  junction  degrees  of 
freedom  were  included  in  the  coupliitg  through  resonant  modes  of  tiie  verti'  beam; 
vertical  translation  (force)  coupling  to  the  inplane  m.odes,  and  rotation  (moment) 
coupling  to  the  flexural  modes.  The  junction  models  were  edited  to  elim.inate 
selectively  the  bending,  inplane,  or  non-resonant  contr ibut i on.s  to  the  energy  of 
the  bottom  beam.  All  SEA  models  were  run  in  third-octave  bands  from  10  Hz  to 
10  kHz. 

The  SEA  junction  impedances  for  the 
subsystem  in  case  1  (thin  'ertical 
beam)  are  plotted  in  Fig.  5.  The  top 
three  curves  are  vertical  force 

impedance  magnitudes  (F/V)  for  the  >iiei,uuf3  x;  d'ui  c,- 

inplane  (Rod  F) ,  top  beam  (Beam  F^ ,  and 
rigid  mass  (Mass  F)  .  The  bott;om  beam 
is  identical  in  impedance  to  the  top 
beam.  At  low  frequencies,  the  mass 
impedance  is  smaller  than  that  of  the 
beams.  The  resultant  lack  of  mass¬ 
blocking  means  that  the  non- resonant 
path  will  be  significant  at  lower  fre¬ 
quencies.  The  first  inplane  mode  of 
the  vertical  beam  (with  free-free  or 
clamped-clamped  boundaries)  is  at  1700 
Hz,  .so  it  is  questionable  whether  thf* 
resonant  inplane  subsystem  should  be 
included  at  low- frequencies .  However, 
the  loading  effect  of  the  beam  imped¬ 
ances  at  the  inplane  boundaries  will 
tend  to  reduce  the  frequency  of  the 
first  miode .  The  inplane  and  beam 

bendiru’  impedances  are  nearly  equal  t-j  c  t  -r  j  ^  ^  -i 

^  ^  ^  Fig.  5.  Junction  Impedances  for  Case  1 

above  1  kHz,  .so  the  inplane  transmis¬ 
sion  path  should  bo  <=fficient  at  high 
f  tvquonc  i  es  . 

The  lower  two  curves  are  moment  impedances  for  the  top  lieam  (Beam  M)  and  the 
’.'ertiral  beam  (Rod  M)  .  There  i.s  a  constant  impedance  mismatch  of  20  dB  for  the 
,'noment  impedances,  indicating  that  the  moment  junction  t  ran.sin  i  ss  i  on  coefficients 
’.■/ill  be  small  and  constant  with  frequency. 


Case  1  Result  Comparison 


The  magnitude  of  the  drive  point 
mobility  on  the  top  beam  is  shown  in 
Fig.  6,  The  drive  point  is  Located 
bialfway  between  the  free  end  and  the 
vertical  beam.  The  thin  solid  curve  is 
the  simulation  result,  while  the  thick 
.solid  line  is  the  SEA  average  value  of 
the  top  beam  subsystem  mobility.  The 
statistical  nature  of  the  SEA  predict¬ 
ion  has  been  indicated  bv  the  inclusion 
of  dotted  lines  at  plus  and  minus  two 
standard  deviations,  as  predicted  by 
the  SEA  .software.  In  general,  the 
narrow-band  peaks  and  dips  are 
enveloped  by  the  +/-2a  curves.  The 
peak  in  the  mobility  at  13  Hz  is  the 
first  mode  of  the  coupled  system. 

The  normalized  energy  in  the  bottom 
beam  for  a  bending-only  SEA  model  is 
compared  to  the  simulation  result  in 
Fig.  7.  In  this  SEA  model,  the  inplane 
subsystem  was  left  uncoupled,  and  the 
non-resonant  junction  was  removed.  Due 
to  the  moment  impedance  mismatch  and 
moderate  damping  (rj=0.06)  in  the  verti¬ 
cal  beam,  the  system  is  undercoupled 
and  the  SEA  response  prediction  for  the 
bottom  beam  is  generally  between  5  dB 
and  10  dB  low. 

The  addition  of  the  non- resonant 
junction  directly  coupling  the  vertical 
motion  of  the  top  and  bottom  beams 
through  the  mass  of  the  vertical  beam 
improves  the  agreement  between  deter¬ 
ministic  and  statistical  analyses 
considerably.  The  energy  of  the  bottom 
beam,  normalized  by  the  input  power,  is 
shown  for  this  second  SEA  model  in 
Fig.  8.  The  simulation  results  are  the 
same  as  in  Fig.  7.  One  might  wonder  if 
the  further  addition  of  inplane 
coupling  might  overpredict  the  trans¬ 
mission,  especially  in  light  of  the  low 
inplane  modal  density.  The  SEA  model 
for  case  1  with  all  three  types  of 
coupling  is  shown  in  Fig.  9.  At  low 
irequencies,  the  response  is  unchanged, 
indicating  that  the  non-resonant  path 
is  stronger  than  the  inplane  path.  At 
the  highest  frequencies  the  response  is 
increased  over  Fig.  8  by  5  dB . 

Although  the.  SE/  prediction  including 


Prive  Point  Mclnlily  1.5  m  from  Free  End  of  Top  Beam 
Simuldtion  Compared  to  SEA  Model  wltfi  */-  2  Std.  Dev 


Fig.  6.  Drive  Point  Mobility 


Total  Energy  of  Bottom  Beam  Divided  by  Input  Power 
Simulation  Compared  to  SEA  Model  with  ♦/-  2  Std,  Dev. 


Fig.  7.  Normalized  Energy  in  Bottom  Beam 

with  Bending-Only  SEA  Model  (Case 
i) 
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all  three  coupling  paths  is  slight Iv 
high,  it  is  a  conservative  iiKuie  1  i  ng 
technique  to  include  all  possible 
coupling  tvpes. 

'l"'Se  ■■  Result  Comparison 

The  bending  patli  wciS  de  1  il'>erate  Iv 
left  out  of  case  c  in  order  to 
liighlight  the  vertical  translation 
coupling  degree  of  f’'^edom.  Junction 
impedances  for  the  full  SEA  model  are 
shown  in  Fig.  10.  The  Inplane  (Rod) 
impedance  is  now  much  greater  than  the 
beam  bending  im.pedance  over  the  full 
frequencv  range.  The  impedance  of  the 
mass  is  also  greater  than  that  of  the 
beam.s,  especially  at  high  frequencies, 
so  the  non-resonant  transmission  will 
decrease  at  higher  f  re'|"‘=r'' io.t . 

The  SEA  model  '.vas  run  first  with 
onlv  the  non-resonant  coupling  (no 
inplane) .  The  energy  of  the  bottom 
beam,  normalized  by  the  input  power,  is 
showri  for  the  "exact"  simulation  and 
for  the  SEA  model  with  mass - coupl ing  in 
Fig.  11.  The  deterministic  simulation 
for  this  cas'^  appears  to  have  two 
slopes;  at  low  frequencies  the  energy 
is  quite  high,  and  it  decreases  with 
frequency  until  a  "plateau"  is  reached 
around  1  kHz,  where  the  slope 
decreases.  The  SEA  model  with  only 
non-resonant  coupling  agrees  well  with 
the  low-frequency  slope,  but  fails  to 
cross  over  to  the  lower  slope  at  mid 
frequencies.  By  10  kHz,  the  SEA 
prediction  is  20  dB  low. 

When  the  resonant  inplane  subsystem 
is  coupled  into  the  SEA  model,  with  the 
tioti- resonant  mass  coupling  removed,  the 
prediction  iFig.  12)  agrees  well  with 
the  simulation  in  the  higher  frequency 
range.  The  low-frequency  predicti':'n 
with  inplane  coupling  only  is  slightly 
low.  When  the  non-resonant  and  reson¬ 
ant:  inplane  coupling  are  combined 
'Fig.  13;,  the  SEA  results  are  in  good 
agreement  with  the  deterministic 
simulation  across  the  full  frequency 
range.  The  matcliing  of  the  different 
slopes  at  different  freqi.iency  ranges 
suggests  the  utility  of  SEA  modt'ls  for 
tile  interpretat  ion  of  measured  aata. 


cf  tiu’-.  n  hr  1.T  1 .  ;  f- 1  b,  i  .t  fb 

..  i  ;  J'*  d*'  f  .1  t  '  u  A  M  ;  p  .  ■  . i  .  t  .j  Ldi  ■ 
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Fig.  8.  Normalized  Energy  in  Bottom  Beam 
for  Bending  and  Mass-Coupled  SEA 
Model  (Case  1) 


Total  hneryy  of  ‘Jottow  Beaffi  Oiviaetl  by  Input  Power 
Sifflulatjon  Comiia''e(1  to  Bt'A  Model  witr  +/-  3  Std.  Oov 


f '  ’lif'U.  y  (lij) 


Fig.  .  Normalized  Energy  in  Bottom  Beam 
with  Bending,  Mass,  and  Inplane 
Coupling  (Case  1) 


Fig.  10.  Junction  Impedances  for  Case  2 
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Fig.  12.  Normalized  Energy  of  Bottom 
Beam  with  Inplane  Coupling 
Only  (Case  2) 


bimLidtioo  ’o  -a  ! 


Fig.  11.  Normalized  Energy  of  Bottom  Beam 
with  Hass  Coupling  Only  (Case  2) 


ToUl  to(*rQ»  o‘  Pi’ttoT  L-iWfjfM  [ly  f’owef 

SjfflijJatiun  Cinrc).i.'>'j  M  SI  a  hin'i  •>/  j  (k-» 


I  fotrioru  y  [M,*': 


Fig.  13.  Normalized  Energy  of  Bottom 
Beam  with  Mass  and  Inplane 
Coupling  (Case  21 
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I  SIM,  THK  I  IMTK  KCKVIKM  MKHIOI) 
\M)  STATISTICAI  KNKRCY  ANALYSIS 


I  rt'd  I..  (ili)\nii 
}  )\ iiainic',  (^nuair  llivi'iuii 
Safi  Di.-iio.  CA 

A  a::.',!vt;v_-.i!  approach  is  disausscd  tor  prediction  ot  random 

rcs-ponsc  t.)  sjiatiail'.  distnlnited  rand.om  pres'>ure  ficid'- 
ai'soamared  bv  aerospace  structures.  The  lunite  Idement  Method  (1  [iMi 
.'■:d  S’atisiica.'l  nnerev  Analysts  iSK.A)  are  stioun  as  eom|dementar\ 
analysts  lools  and  the  strentiths  of  each  are  combined  for  v  itsroacoiistic 
rc'p.'n  .e  anahsis.  Spatial  correhition  characteristics  oi  lite  evciiation 
e: A  1!  'nments  in  ilte  low  frequency  ranpe  are  discussed  as  licinp  of 
:  imcnta!  import. nice  in  determinini:  random  response  which,  v,  lien 

O'. ;  :  y  >, '.Ped.,  m.A  leat!  to  oser  test  at  low  mode  (M'der  resonances. 


!'-  I  KMDI  C'TIO.N 

o,;  ,t,  a  s;r,.^  riivs  mas  fic  eeposed  to  e.xtrcme  tieroacoustic  environments  s'uch  as  rocket 
■  i,  o  noise.  I'lear  field.  |ei  eneine  noise,  or  aerods ai.imieaHy  ind.uced  noise.  Rar.dom 
I'l  Is  a  strti^aural  desien  eoristramt  for  most  aerospaee  \ehicles.  d'he  I-inite  Hlemeni 
’■■■isi  '!  MM  I  is  generally  useful  in  tletermining  responses  in  hns  mode  order  frequencies. 

S’.msticai  finerev  .Analysis  iST.Al  is  valid  at  higher  fresniencies.  Ffi.M  has  been  broLU’bt 
\’.ii  on  il'ie  Mhro.icousiic  response  problem,  however,  the  complexity  in  describing  the 
.s'.ae  t  ield.  ,md  .ipplying  it  ;is  a  forcing  I'unctic'n  lias  signil'icantly  slowed  application  of  this 
ro.u  ii.  SIi.A  It. Is  l-ieen  piawen  by  research  workers  in  acoustics,  tis  well  as  pioneering  waMk 
R,  11,  l.son,  to  be  an  analysis  fr.intcwork  to  close  the  gap  on  determining  vibroacoustic 
'o'lse  lloweser.  the  structural  sule  of  the  GHA  framework,  particularly  at  lowei 
inenvies,  needs  more  tlieoretic.d  d.evehii’ntent  for  nKxial  density  and  coupling  loss  factor 
lessioiis  to  d.efine  energv  llo'.v  along  radiaticni  and  structure-borne  paths.  Both  methtHls, 
1  sep,tra.!el> ,  le.ive  large  , ire, is  ol  unceri.untv  that  can  he  reduced  if  the  two  are  combined  as 
ij'ieitiL'ni  ir\  .unlvses. 

'  dc'.  e:o[iment  ot  a  M-iM  ex^itatton  motle!,  based  on  the  use  of  measured  correlation  data,  is 
.  ii'oed  for  an  acoustic  source  using  test  measurements,  howecer.  the  form.it  of  the  excitation 
.ti'so  he  Used  lo  mode!  lurbulent  Imtiruiary  las'cr  pressure  iluetii.'ilions.  .An  example  of 
e:  response  to  .i  tliffiise  .leoustie  field  w;is  available  from  the  test  data  base,  and  bcMb.  M'M 
Sf-.  A  were  utili/ed  to  predict  random  \ihration  .ind  compare  with  the  test  data. 


‘’.a  ;  umne  pres^■.;:e  field,  to  excite  struetural  respt'P.se  is  determined  by  bi'ili  the 
;•  po'.',--:  s;';u.';um  ,ind  sjs.iti.d  eorn.-Lition  eh.iraciei isiics  Wfide  the  ampliiude 
'  >■  1-.  ;'..iu.;'\e  iw  d:n-i  i  me.jsuremeni,  estim.iied  Irom  simihir  coni’igur.iiious 

'■■■  .:  '  ■  '..h  tuo'-.  correlation  o  usu.ills  not  tonsklered. 


Three  fonns  of  environmental  pressure  fluciuations  to  which  aerosptice  structures  are  expensed 
are  tm  .ulent  boundary  layer,  sonic  impingement  from  an  acoustic  noise  source  and  :\  diffuse 
noise  field  representative  of  a  reverberant  acoustic  test  chamber.  At  high  frequencies  each 
tends  to  behave  like  a  diffuse  field,  however,  at  low  frequencies  they  have  distinguishing 
c o  (Tc  I  a  t  i o  n  c  h a rac  te  ri  s  t  ic  s . 

Turbulent  boundary  'ayer  excitation  is  aerodynamical ly  induced,  convected  at  a  velocity 
somewhat  less  than  the  airspeed  and  has  some  degree  of  spatial  correlation  in  the  sireamwise 
direction,  but  laterally,  is  practically  uncorrelated.  Methods  for  predicting  parameters  of  the 
Huctuating  pressure  field  acting  on  the  surfaces  of  flight  vehicles  due  to  propulsion  systems 
and  aerixlynamic  flow  are  treated  in  References  [1,2,8]. 

The  risk  of  simulating  the  above  ser\  ice  environments  by  a  reverberant  field  is  to  over-test  the 
structure  in  random  vibration.  A  diffuse  sound  field,  as  found  in  a  reverberation  chamber, 
tends  to  excite  all  mexies  of  vibration  and  spatial  correlation  characteristics  are  isotropic  [3|.  A 
highly  correlated  field  such  as  low-frequency  jet  noise  or  rrx'ket  noise  is  more  selective,  but  can 
-stiil  ex.ite  low  order  modal  resonances  very  effectively.  By  comparison,  turbulent  boundary 
hqvT  pressure  fields  exhibit  short  streamwise  correlation  distances  and  even  less  laterally.  In 
tcxiay's  environmental  testing  the  high  intensity  noi.se  field  in  the  reverberant  chamber  is 
intended  to  simulate  the  combined  noise  field  and  aerodynamic  turbulence  in  flight.  Low' 
frequene  v  vibration  is  dominated  by  overall  structural  modes.  As  a  consequence  of  longer 
w  avelengths  at  low  frequencies,  a  reverberant  field  is  spatially  correlated  and  can  excite  all 
^tructural  resonances  in  the  low  frequency  range.  As  frequency  increases,  say  above  1,000  Hr. 
!or  aircraft  fuselage  structure,  jet  noise  is  much  less  effective  at  exciting  structure  than  is  the 
turbulent  boundary  layer. 


Finite  Element  Excitation  Mtxlels 

.-\lthough  the  excitation  is  assumed  to  be  from  a  point  source,  the  acoustic  rays  to  the  structural 
surface  of  interest  are  considered  to  be  parallel,  as  for  a  homogeneous  pressure  field.  This  is 
an  acceptable  simplification  when  the  structural  surface  is  a  reasonable  distance  from  the 
source,  as  suggested  by  Figure  1.  As  a  consequence  of  assuming  parallel  rays  to  the  structural 

surface,  the  model  may  use  separation  coordinates,  ^  and  T).  rather  than  absolute  locations  to 
define  the  trace  velocity  and  spatial  decay  rate  on  the  structural  plane. 

The  excitation  field  can  be  assumed  to  consist  of  a  series  of  outwardly  propagating  acoustics 
plane  waves  incident  on  a  panel  surface  at  different  angles  of  incidence.  The  angles  are 
dependent  on  location  .  of  effective  noise  sources  relative  to  the  panel.  In  truth,  the  noise 
source  is  not  a  point,  but  is  distributed  over  a  finite  volume  and  plane  waves  for  a  piu'ticular 
frequency  are  incident  on  the  panel  over  a  range  of  three-dimensional  angles  of  incidence. 
Thus  traveling  plane  wave  excitation  may  have  many  attributes  of  a  reverberant  acoustic  field, 
particularly  at  high  frequencies  [5|.  It  is  reasonable  to  model  engine  noise  on  the  structure  as  a 
reverberant  sound  field  if  differences  in  excitation  efficiency  in  the  low  frequency  range  are 
considered. 

.As  acoustic  disturbances  are  propagated  toward  the  panel,  phase  behavior  characteristics  of  the 
sound  waves  are  projected  onto  the  structural  surface.  The  angle  of  incidence  of  the  acoustic 
ray  directed  toward  the  center  of  the  su-uctural  panel,  pomt  P,  will  be  assumed  constant  for  all 
wave  fronts.  Trace  velocity  components  in  the  x  and  y  directions  may  be  derived  from  the 
phase  angle  spectrum  of  the  pressure  cross  P.SD  on  the  panel  surface. 


\  X  -  W'  Ox 


Vy  =  cor]  Oy 


Here  lO  is  the  band  center  frequency  in  radians/second  and  O  is  the  phase  angle  of  the  cross 
power  spectral  density  tXPSD)  at  those  separation  distances  in  radians  Lacking  experimental 
data,  the  trace  vekxtities  could  also  be  calculated  from  the  geometry  using  an  assumed  source 
kKations  as  shown  in  Figure  1. 

V’x  =  Co/sinT  ^y  =  Co/(cos‘F'sin0)  (2) 

The  acoustic  ray  travels  from  the  point  source  at  the  speed  of  sound,  Co-  Thus  trace  velocity 
components  on  the  stiuctaral  surface  arc  always  supersonic.  If  the  strucmre  is  part  of  a 
mining  air,  raft,  angular  corrections  can  be  added  to  compensate  for  the  downstream  vector 
component. 

I'n  obt.un  the  narrow  band  acoustic  correlation  function,  it  is  assumed  that  th  're  are  not  two  or 
more  statistically  independent  noise  .sources.  Otherwise  a  weighted  average  coherence  function 
would  have  to  be  develojicd.  Hie  narrowband  coherenee  funetion  is  a  quantity  defined  by 


y-i  \  I  ,X2,n  =  lGp( X )  ,X2.f ^'^/l Gp( X 1  ,f i^Cipl  ;s2,f)]  <  1  (3) 


z 


Figure  1 

.‘Xcoustic  Point  Source  Impinging  on  a  l^lat  Plate 


v'.  lu're  C’lpl  X  I  ,\2.t !  is  tlic  coiiiplcx  pressure  cross  power  speclral  density  t'unclion  between 
points  x]  and  x^.  and  ripixid)  and  Cjptxy.fi  are  the  corresponding  pressure  spectral  densities  at 
locations  x]  and  X2.  Since  the  jrressure  field  is  assumed  homogeneous,  the  coherence  function 

can  be  \'*  :itten  in  terms  of  separation  distances,  q  H-  referencing  the  x  and  y  directions 
rcspecii\el\'. 

The  coherence  function  is  identical  to  the  square  of  the  maximum  narrowband  correlation 
coefficient.  Tlie  amplitude  of  the  coirelation  cwfficient  at  a  frequency  co  can  be  represented  by 

Y(;,q,(o)  =  ql  U  ^J-C',.((o/V,.)l  n  I  1  (4) 

Hqutition  (4)  implies  the  correlation  is  .separable  in  the  x  and  y  directions.  Spatial  decay  in  the  x 
and  y  directions  are  expressed  as  functions  of  frequency,  separation  distance  and  acoustic  trace 
\elocity.  Decay  coefficients.  C'x  and  C\-,  are  slowly  varying  functions  of  frequencx’.  The 
form  of  the  f-TAt  excitation  iikkIcI  is  shou  n  as  follows: 


Gplq.ri.o))  =  [Gp((o)]*[e'C  ^  ^  I  e'C  I  d  I  ]*[e"'‘'T/Vx  p-uori/Vyj  (>  , 


C'(ini|4e,\  prr>i^iui‘ 
t.’Xi'itatinn 
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The  spatial  decay  rate  characterizes  the  distances,  c  and  y],  and  frequencies,  co.  oxer  which  the 
pressure  field  is  correlated  and  is  important  in  detennining  hoxx-  efficiently  it  can  excite  ;t 
structural  ptinel.  When  it  is  required  to  perform  vibroacoustic  predictions  of  low  frequency 
response,  knowledge  of  the  correlation  characterisdes  of  the  excitation  is  essential. 

.Spatial  decay  rates  can  be  evaluated  experimentally  using  an  array  of  flush  mounted  surlace 
microphones  tiligned  in  the  longitudinal  and  lateral  directions.  Cross  power  spectral  density  and 
coherence  is  calculated  for  a  range  of  transducer  separation  distances  to  form  the  curves  shoxx  n 
in  Figure  2. 


Not  Actual  Data 


Figure  2 

Spatitil  Decay  ('(K-fficients  Defined  hy  Curve  Fit  of  Ordinarx'  Coherence  Data 


The  s[)ati;il  decay  study  must  represent  the  flight  conditions  of  interest,  location  and  rolatixc 
orientation  to  noise  sources  ;ind  the  curves  should  be  dexeloped  separatelv  for  narrow 


ta\iuci'^  \  ranges  nl'  inicrost.  Response  ealeulations  assume  that  field  properties  do  not  change 
(ue:  the  finite  element  griri  system  for  which  a  XPSD  matrix  is  generated.  An  example  of 
spaual  deca\  results  f  rom  a  static  ground  test,  with  a  jet  engine  operating  at  take-off  thrust,  is 
siunsn  in  fable  1.  In  this  test,  the  location  of  tite  measurements  were  on  the  aft  fuselage  of  an 
,incr,ift  \Mih  \sing  meiunted  engines. 


Table  I 

Mxample  of  Spatial  Decay  Coefficients,  Jet  Engine  Noise 


Freq 

Sptitial  Decav 

Hz 

Cv  c; 

200 

.63 

.IT^ 

300 

.58 

.14 

500 

.48 

.08 

Sjiatial  dectiy  rates  were  determined  by  interpreting  the  frequency  dependent  correlation 

properties  of  the  ordinary  coherence  function,  ,  calculated  from  an  array  of  microphone 
measurements  aligned  in  the  longitudinal  and  lateral  directions  and  the  non-dimensional  data 
plotted  as  in  Figure  2.  Lacking  test  data  one  could  estimate  conservative  conditions  for  the 
structure  in  frequency  and  space.  Apparent  noise  source  locations  can  be  established  by 
acoustic  ray  tracing  using  the  change  in  XPSD  phase  angle  over  known  separation  distances, 
assuming  the  sources  are  distributed  along  the  jet  axis. 

'The  analytical  model  represents  a  simplification  of  the  near-field  engine  noise  vibroacoustic 
excitatitin  environment,  but  provides  a  framew'ork  to  allow  analysis  including  the  effects  of 
spatial  correlation  properties.  It  is  noted  that  the  spatial  decay  rates  listed  do  not  represent 
recommended  coefficients,  but  rather  suggests  that  measurements  of  this  type  are  needed  to 
evaluate  the  correlation  characteristics  of  excitation  pressure  fields  to  complement  the 
traditional  amplitude  only  measurements.  Turbulent  boundary  layer  simulation  can  be 
expressed  in  a  similar  format  and  would  be  additive  to  the  excitation  matrix  for  jet  noise  since 
the  two  are  uncorrelated  with  respect  to  each  other.  Reference  [1]  presents  methods  for 
predicting  aeroacoustic  pressure  fluctuations. 

To  obtain  the  force  XPSD  foi  use  as  the  excitation  in  a  finite  element  analysis,  the  pressure 
field  must  be  discretized  to  a  set  of  complex  forces,  each  centered  on  a  "finite  element"  area. 
The  proper  mathematical  treatment,  although  not  always  required,  is  to  perform  a  surface 
integration  of  the  pressure  expression,  equation  (5),  over  all  pairs  of  finite  element  areas,  ie,  a 
tpiadratic  integration.  'To  accomplish  this  it  is  assumed  that  all  finite  elements  are  rectangles  of 
the  same  dimensions  and  therefore  equally  spaced.  In  this  manner,  changes  in  spatial  decay 
and  phase  within  each  individual  finite  element  are  included  to  produce  an  integrated  complex 
force  for  the  element.  Thus  the  force  representation  for  large  elements  in  a  coarse  FEM 
an.iiysis  may  benefit  by  the  integration  of  the  pressure  field  depending  on  correlation  lengths. 

,\  tmer  I'E.M  idealization  would  suggest  that  simply  multiplying  the  complex  forces  by  the 
apfilicable  areas  would  allow  one  to  omit  the  integration  (and  the  requirement  for  equally 
spaced  grids  I.  With  turbulent  bounilary  layer  excitation  correlation  lengths  may  be  short,  such 
tfiat  mttny  small  pressure  ediiies  m;iy  reside  over  a  single  finite  element.  In  this  case,  the  net 
for^e  sliould  be  determined  by  tidding  incremental  complex  forces  by  surface  integration  over 
ail  p.iirw  of  finite  elements,  and  the  integrated  expres.sion  w'ould  represent  a  more  accurate  force 
di  -;ri!ii,:ion  [7|.  The  integrated  expression  is  presented  in  the  .Appendix 


The  reverberant  scuinJ  field  differs  from  the  coiivected  fields  in  that  all  wa\es  have  been 
incident  and  reflected  manv  times  from  boundaries  of  the  enclosure  over  a  random  varitition  of 
ang!esl4|.  The  pressure  field  of  a  point  in  time  and  space  is  statistically  related  to  that  at 
another  pmnt.  I'he  energy  density  is  based  on  sound  waves  traveling  in  any  direction  with 
equal  probabilitv'.  Depending  on  angle  of  incidence,  some  waves  contribute  more  to  the  flow 
of  energy  mto  a  structural  specimen  than  others.  The  narrowband  spatial  correlation  of  a 
reverberant  sound  field  depends  on  phase  relationships  which  is  also  independent  of  direction. 
Thus  the  narrowband  correlation  characteristics  of  an  ideal  diffuse  sound  field  approach 
randomness  in  a  standard  way  \  }\. 

llie  cross  power  spectral  density  of  a  diffuse  pressure  field  is  described  as  a  product  of  the 
pressure  PSD  and  narrowband  spatial  correlation  j21. 

Gplc.rt.o))  =  Gplco)  •  Sin{KT)/(Kr)  (6) 

The  spatial  analog  of  the  frequency  f  is  1//.  where  X  denotes  the  wavelength;  the  spatial  analog 
of  the  radian  frequency  (O,  is  the  wavenumber  k'  =  2n/X  11],  and  r  is  the  radial  distance 
between  the  two  points,  r  =  (^-+r(-)b'-.  iiulependent  of  direction. 


f'inite  Element  Application 

The  overall  effon  for  implementing  the  finite  element  method  using  NASTRAN  19)  is  shown  in 
the  figure  .S  How  diagrtim. 


Figure  3 

Flow  Diagram  For  f-inite  Element  Vibroacoustic  Response  Calculation 


The  NAS'I'RAN  finite  element  program  was  used  to  model  a  simply  supported  honeycomb 
panel  subjected  to  a  diffuse  acoustic  field.  The  finite  element  model  of  the  panel  is  shown  in 
Figure  4  indicating  45  interior  grid  points  at  a  slightly  elevated  Z-coordinate  relative  to  the  outer 
perimeter  of  plates.  The  interior  grid  points  are  located  on  the  neutral  axis  of  a  honeycomb 
cross  section.  Plate  elements  representing  honeycomb  construction  connect  with  the  outer 
penmeter  of  conventional  isotropic  plate  elements  by  a  transition  ring  of  narrow  aspect  ratio 
plates. 


Figure  4 

Finite  Element  Model  for  Honeycomb  Panel 


Other  approaches  to  modeling  the  3-dimensional  aspects  of  the  honeycomb  panel  which 
transitions  to  a  solid  plate  near  the  boundary  could  also  be  acceptable  or  even  better,  however, 
good  results  were  obtained  in  low  order  modes  with  a  coarse  idealization.  Physical  properties 
of  the  panel  are  defined  in  Table  II,  with  the  corresponding  panel  resonances  presented  in 
Figure  5. 


Table  fl 

Honeycomb  Panel  Modeling  Data 

Overall  Panel 

Lx  =  38.0  in.  E  =  10.5x106  psi 

Ly  =  15.25  in.  p  =  0.101  Ib/in^ 

Honeycomb  Interior  Section  Plates 

L'x  =  33.8  in  Z  elevation  =  0.2305  in 

L'y  =  1 2.05  in  Ic  =  7.938x  1 0*3  in^ 

Total  thickness,  both  face  sheets  =  0.065  in 
Non -structural  weight 

(core  matericil  and  bonding  resin)  =  6.34xl0‘^  Ib/in^ 

Boundary  Plates 


t  =  0.131  in 


Z  elevation  =  0. 


Mode  Order 

Frequency 

(X,Y) 

(Hz) 

(1-1) 

244.2 

(2-1) 

323.2 

(1-2) 

381.4 

(3-1) 

434.4 

(2-2) 

504.6 

(4-1) 

557.4 

Figure  5 

Modal  Analysis  Results,  Honeycomb  Panel 


The  excitation  model  will  represent  a  diffuse  acoustic  environment  using  equation  (6).  It  is 
interesting  to  compare  the  plan  view  of  the  panel  from  the  perspective  of  the  pressure  field  and 
structural  models  using  a  common  grid  array.  In  Figure  6(a)  the  structural  model  uses  grid 
points  to  interface  structural  elements  and  as  a  basis  for  calculating  distributed  dynamic 
behavior,  with  fineness  of  the  grid  consistent  with  structural  discontinuities  and  requirements 
for  higher  order  modes.  The  pressure  field  model  will  distribute  complex  pressures  (which  are 
real  in  the  case  of  diffuse  excitation)  to  the  mid  points  of  the  elements  shown  in  Figure  6(b). 


(a)  Structural  Idealization 


(b)  Pressure  Field  Idealization 


Figure  6 

Plan  View  of  Honeycomb  Panel  Model  for  Structural  and  Pressure  Field 


The  cross  spectral  density  of  the  reverberant  field  excitation  was  calculated  in  the  pressure 
domain,  ie,  (psi)^/Hz,  for  two  frequencies  corresponding  to  the  (1-1)  and  (3-1)  panel  modes. 

For  frequencies  of  244  Hz  and  434  Hz  the  sin(Kr)/(Kr)  function  of  equation  (6)  has  the  first 
sign  change  at  a  separation  distance  of  27  inches  and  17  inches,  respectively.  Since  the 
reverberant  pressure  field  correlation  lengths  are  long  at  these  frequencies  compart  to  element 
dimensions,  there  is  no  need  for  surface  integration  as  given  in  the  Appendix  for  a  convected 


no 


field.  Thcrelore,  excitation  forces  arc  developed  in  NASTRAN  by  applying  the  surface  area  of 
each  element.  Pressure  fieUl  calculations  assumed  an  evenly  spaced  set  of  grids,  although  in 
ttie  present  example  the  outer  perinieter  of  areas  are  1  Iff  smaller  along  the  short  dimension  and 
i '  /  larger  on  the  long  sides.  'Phis  was  done  to  accommodate  the  structural  detail  of  the  panel. 
Tlie  excittition  at  the  two  panel  resonances  were  extracted  from  the  Sound  Pressure  Level 
(SPL)  spectrum  shossn  in  f-'igure  S. 

In  NASTRAN,  ratidom  response  analysis  is  treated  as  a  data  reduction  procedure  that  is 
applied  to  the  results  of  a  frequency  response  analysis.  It  is  noted  that  the  implementation  of  a 
complex  frequency  dependent  description  of  the  excitation  model  is  not  well  conceived  in 
\  .\STR  AN  \s  hich  can  only  provide  solutions  for  a  single  frequency  or  frequency  band,  where 
the  excitation  is  constant  within  that  band.  NASTRANs  subcase  facility  is  "used  up"  for 
calculating  frequence  response  where  a  subcase  is  lequiied  to  develop  each  row  (and 

corresponding  column)  of  the  frequency  response  matrix,  H{>^,ri.f).  Hipol  and  Piersol  [6j 
bspass  this  part  of  .N.ASTRAN  and  utilize  the  reciprocity  characteristics  of  linear  elastic 
structLires  to  the  mtiximum  extent  for  a  very  efficient  solution. 

The  upper  triangular  part  of  the  excitation  cross  spectral  density  Gp(g,q.r)  is  input  as  one 
complex  number  per  "card"  (1035  cards  for  a  45x45  matrix).  The  problem  is  overcome  by 
letting  computers  format  the  data,  however,  each  pass  thru  NASTRANs  random  response 
solution  works  with  only  one  excitation  definition.  Thus  response  calculations  for  constant 
excit.ition  were  limited  to  a  nan'ow  frequency  range  centered  about  the  excitation  frequency. 

Once  the  limitations  in  NASTRANs  random  response  capabilities  are  understood  the  solution 
for  accelertition  spectral  density  is  easily  completed  using  the  following  expression 

G,(f)  =  H*(f)  GpCf)  H(f)  (7) 

\s  here  the  asterisk  designates  the  complex  conjugate.  Random  response  calculations  were 
made  for  the  panel  center  location  using  two  .separate  excitation  matrices,  ie,  two  NASTRAN 
runs.  In  each  run  response  was  calculated  at  frequencies  slightly  below  and  above  the 
resonance.  The  response  predictions  are  compared  with  test  data  in  Figure  9.  The  vibration 
response  calculated  for  two  resonance  frequency  ranges  agree  favorably  with  the  test  results, 
althcaigh  slightly  overpredicted. 


Statistical  Hnergy  Analysis 

The  basic  approach  of  the  Statistical  Energy  Analysis  (SEA)  is  that  of  power  flow  between 
revernerant  systems.  Trie  primary  variable  is  coergy  and  the  energy  storagf*  '•'ements  are 
groups  of  similar  modes.  SEA  performs  energy  averages  in  time  and  space  and  treats  the 
vihroacoustic  problem  in  a  statistical  rather  than  deterministic  manner  [11].  Under  equilibrium 
conditions  there  must  be  a  balance  between  energy  input  and  output;  reverberant  conditions 
being  assumed  so  that  there  is  no  preferred  direction  to  complicate  the  averaging  process. 

A  motivation  for  using  SEA  is  that  response  estimates  are  often  needed  at  a  stage  in  a  project 
where  structural  detail  is  not  yet  known.  Instead  of  describing  every  vibration  mode  of  a 
system,  average  values  are  assumed  for  mode  shapes  and  the  number  of  mcxles  that  fall  within 
a  specified  frct|ucncy  bandwidth.  The  justification  for  such  an  averaging  procedure  is  that  in 
liiaeiical  situations  it  is  not  possible  to  describe  the  system  in  detail  beyond  the  low  order 
modes  because  of  computational  limitations,  construction  variations  and  engineering 
ii'lerances.  etc.  At  higher  fretiuencics.  mode  shapes  and  resonances  show  greater  sensitivitv  to 


small  details  of  geometry  and  construction.  Thus  average  results  used  over  ('ne-third  octave 
frequency  bandwidths  are  appropriate  and  SEA  is  concerned  with  vibrations  considerably 
above  the  fundamental  structural  resonance.  SEA  has  shown  that  the  power  rttdiated  from  a  set 
of  resonant  modes  is  proportional  to  the  prtxiuct  of  energy  in  an  "average"  mode  by  the  number 
of  modes  in  the  frequency  band.  The  modes  are  assumed  to  be  excited  by  random  noise  in  a 
third  octave  bandwidth  and  the  important  properties  of  the  modes  will  be  space-time  average 
transverse  velocities. 

SEA  is  based  on  powei  flow  between  interconnected  elastic  subsystems  where  each  contains 
many  modes.  The  SEA  approach  rc».|iiires  modes  in  connected  subsystems  to  be  of  the  type  for 
w  hich  coupling  can  occur.  Power  flow  between  subsystems  and  energy  loss  due  to  damping 
and  absorptio.;  i:.  ilic  ba.sis  of  SEA  and  is  assumed  to  represent  the  relevant  physical  behavior. 
.Acoustic  fields  must  be  reverberant  to  meet  SEA  criteria. 

Using  the  VibroAcoustic  Payload  Environmental  Prediction  System  (VAPEPS),  Reference 
[  lO],  a  system  of  idealized  structures  and  acemstic  spaces  is  modeled  as  a  series  of  distinct  SEA 
elements.  Engineering  judgement  must  be  exercised  to  represent  subsystems  as  SEA  elements. 
Once  defined,  the  flow  of  energy  betw'een  elements,  and  losses  within  an  element,  are 
calculated  for  both  acoustical  and  mechanical  energy  paths.  The  honeycomb  panel 
vibroacoustic  response  is  addressed  using  the  energy  flow  model  outlined  in  Eigure  7. 
showing  all  important  energy  flow  paths. 


EXCITATION 


Eigure  7 

Eour  Element  Model  For  Statistical  Energy  Analysis 

Unlike  FEM,  SEA  analysis  includes  power  flow  between  the  panel  and  the  cylindrical  test 
fixture  (for  which  insufficient  modeling  information  is  available),  as  well  as  the  build-up  of  a 
reverberant  sound  field  in  the  internal  cavity.  Energy  paths  are  indicated  as  two-directional 
arrows.  Energy  conservation  expressions  are  derived  by  VAPEPS  and  organized  into 
simultaneous  equations  in  the  form  of  a  matrix  of  coupling  loss  factor  coefficients  and  an 
energy  vector.  The  number  of  equations  is  equal  to  the  number  of  SEA  elements  and  at  least 
one  element  is  named  as  excitation  source.  Either  a  reverberant  acoustic  space  or  structure  can 
be  named  as  excitation  source,  and,  as  such,  sound  pressure  level  or  acceleration  spectral 
density  is  specified.  The  excitation  Scund  Pressure  Ixvel  spectrum  is  shown  in  Figure  8. 
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Figure  8 

Reverberant  Chamber  Thud  Octave  Band  Noise  Levels 
(dB,  re:  .0002  dynes/cm^) 

Using  VAPEPS,  physical  parameters  of  each  sEA  element  in  the  model  are  needed  to  define 
the  structure  or  acoustic  space.  Units  are  of  the  type,  IN.,  LBF-SEC^/IN,  SEC. 

Reverberant  acoustic  space  SEA  parameters: 

-  Mass  density  of  air  (RHO) 

-  Velocity  of  sound  (CO) 

-  Surface  area  (AP) 

-  Absorption  coefficient  (AAC) 

If  the  acoustic  space  is  an  excitation  source,  the  volume,  area  and  absorption  coefficient  have 
no  bearing  on  the  energy  level  in  that  element  since  it  is  sustained  by  an  external  power  source. 

Structural  SEA  parameters  for  flat  plates  and  cylinders: 

-  Structural  mass  density  and  surface  density  (RHO,  RHOS) 

-  Thickness  (H) 

-  Diameter  (if  cylinder  or  cone)  (D) 

-  Length  (BL) 

-  Surface  area  (AP) 

-  Young’s  modulus  (E) 

-  Damping  loss  factor  (DLF) 

-  Length  and  width  of  typical  (stiffened)  sub-panels  (ALX,  ALY) 

-  Structural  discontinuity  length  for  "edge  mode  radiation"  (PATA) 

-  Longitudinal  wave  speed  in  the  struct!^  matenal  (CL) 

-  Velocity  of  sound  in  the  radiation  medium  (CO) 

-  Nonstructural  mass  (ASMS) 
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The  connection  between  each  SEA  element  is  explicitly  identified  from  a  wide  array  of  possible 
energx  p;  typsts  VAPEPS  recognizes  46  types  of  connection. 


The  "equivalent  pIate"modiile  in  V.APEPS  was  used  to  develop  stiffness  parameters  for  a 
unifomi  homogeneous  plate  vs  hicii  is  equivalent  to  that  of  the  sandwich  plate.  Parameter  input 
for  the  four  element  analysis  is  listed  in  Table  II. 

Table  11 

V.APEPS  Parameter  Input  Data  For  SEA  Elements  -  Flonescomb  Panel 


REVB 

DESCRIPT=DIFFUSE  ACOUSTIC  ^lELD 
Y  P  E  =  1 

RHO  =■  1.120E-07  CO  =  1  320E+04  VOLUME  =»  1.000E  +  06  AP 

AAC  =  2.000E-02 


SKIN 

DESCR  I  PT  =  HONEYCOMB  FLAT  PA'JEL 
TYPE  =  3 

=  9  fc91S-01  AP 
=  4  ,  0  e  e  E  -  0  2  E 
=  9  3  0  u  E  -  0  6 


RHO  =  2.4a5E-05  CL 

ALX  =■  3  700E  +  0  1  ALV 

Pm'A  =<=  4  600E  +  0  1  RHGS 


=  2  .  1  00E->-05  H 
=  1  525E*01  DLF 

2  409E-05  ASMS 


FIX! 

DESCRIPT=CVLINDRICAL 
TYPE  =  4 

RHO  =  2,620E-04 

BL  =  4,000E+01 

DLF  =  2.000E-02 

ASMS  =  0,000E+00 


TEST  FIXTURE 


CL 

=  2 

100E+05 

H 

ALX 

=  7 

200E+01 

ALY 

E 

=  1 

050E+07 

FATA 

CO 

=  1 

320E+04 

3  750E-01  HP 
6  O0CE+01  D 
1  3  8  0  E  +  0  2  R  H  0  S 


CAV 

descript=interior  acoustic  cavity 

TYPE  =  1 

RHO  =  1.120E-07  CO  =  1.320E+04  VOLUME  =  3  620E+04  AP 

AAC  =  2.000E-02 


1  00aE+06 


5  6  4  3  E  •»'  U  2 

1  0  9  7  E  +  u  D 


3  7  0  0  E  *  0  3 
2 . 0  3  6  E  +  0  1 


9  330E-05 


4  500E+03 


The  vibration  solution  was  carried  out  in  the  "SEMOD  "  module  in  VAPEPS  on  a  DEC- VAX 
computer.  The  computer  operating  costs  were  very  low.  Computations  ranged  ov\..  all  third 
octave  band  frequencies  from  100  Hz  to  2000  Hz  and  the  vibration  response  is  superimposed 
on  Figure  9. 

The  low  frequency  limit  of  SEA  validity  is  interpreted  from  the  number  of  modes  per  one-third 
octave  band,  which  can  be  calculated  from  modal  density  output  from  VAPEPS.  For  the 
present  example,  there  are  less  than  one  mode  per  third  octave  band  at  frequencies  below  1,(XK) 
Hz  indicating  results  below  this  frequency  are  not  valid.  At  least  several  mcxles  in  each  band 
are  preferred  so  that  the  vibration  response  calculated  using  SEA  may  be  considered  suspect  at 
frequencies  up  to  1,500  Hr.  Some  additional  VAPEPS  (uitput  which  is  very  useful  provides 
the  response  contribution  of  each  SEA  element  to  the  overall  solution  on  the  basis  of  energy 
arriving  and  exiting  the  element  expressed  as  a  percentage  of  the  total  energy  of  that  element. 


Figure  9 

FYedicied  Vibration  Response  Compared  to  Panel  Center  Measurement 

AFEM. - SEA 

Conclusions 

The  vibroacoustic  response  analysis  of  an  example  problem  was  demonstrated  for  the  Finite 
Element  Method  using  NASTRAN  and  for  Statistical  Energy  Analysis  using  VAPEPS.  Low 
frequency  results  from  FEM  can  be  merged  with  high  frequency  SEA  results  and  the  strengths 
of  both  approaches  utilized.  In  the  present  example,  the  SEA  response  calculations  below' 
1  .(XX)  Hz  should  be  disregarded  due  to  a  low  modal  density. 

The  calculated  response  was  somewhat  higher  than  was  measured,  however,  a  dual  approach 
for  response  prediction  is  clearly  justified.  Using  a  coarse  FEM  idealization  of  the  panel 
structure  and  limiting  NASTRA.V  calculations  to  low  frequency  resonant  response,  the  solution 
was  in  the  "small  problem"  category.  If  large  scale  finite  element  models  are  required,  an 
innovation  described  in  reference  [6]  may  be  used  which  maximizes  the  use  of  reciprocity  to 
greatly  improve  efficiency  of  respon.se  calculations. 

In  calculating  low  frequency  vibroacoustic  response,  it  is  important  to  include  the  correlation 
characteristics  of  the  excitation  pressure  field.  The  consideration  also  extends  to  testing,  where 
the  environment  simulated  should  exhibit  similar  low  frequency  correlation  characteristics  as 
that  created  in  the  test  chamber.  It  is  evident  that  the  coherence  properties  will  rarely  be 
available  to  the  analyst,  and  spatial  decay  may  have  to  be  conservatively  estimated.  Test 
measurements  of  an  excitation  pressure  field  could  be  designed  to  include  correlation  as  well  as 
amplitude  data  for  the  low  frequency  range.  If  the  additional  instrumentation  leads  to  a  better 
untlerstanding  of  the  propensity  for  vibroacoustic  response  and  prevents  an  over-test,  then  the 
effort  is  justified. 
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Ttie  presMire  t'ic'ld  (.-xpiuiiiop  wi!!  be  discreti/ed  to  a  set  ofctnnplex  forces,  each  centered  on  a 
'  finite-eleriient  size  are.i.  ('('nsider  tuo  such  plate  elements,  typically  separated,  as  in  I-igure 
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1\  pa  :i;  Fume  Flemeni  Pair  for  Surface  Integration  of  the  Pressure  Field 


prc'^ure  field  expres'-uni  gi\en  in  equation  t.^i  can  be  integrated  over  finite  element 
re. is  1  .i:a!  )  to  prod.i.^e  force  cri'^s  PSD. 


F  pi.ition  1  \1  I  w.iN  Nimpiitled  by  substituting  C,  thni  CA  for  quantities  not  panicipating  in  the 
integration.  The  decay  coeftTients  are  assumed  inelependent  of  separation  distance.  Also  it 
;s  assumed  the  integrations  in  the  .x  and  y  directions  can  be  perfomied  separately.  Because  of 
the  .ibsolute  value  signs  m  the  function,  two  special  cases  are  treated  separately  w'hen  n,|  =  0 
■iiid  m,,  -  n  hy  rev  ising  the  limits  of  integration.  The  fintd  result  of  the  integratitvn  is  written 
below 
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One  possible  method  proposed  for  reducing  the  acoustic  induced 
random  vibration  environment  of  a  shroud  enclosed  payload  is  to 
reduce  the  acoustic  environment  surrounding  the  payload  by  filling 
the  shroud  with  helium.  Acoustic  tests  performed  on  a  shroud  filled 
with  air  and  then  helium  showed  that  while  the  payload  acoustic 
environment  is  reduced  significantly  by  helium,  a  similar  trend  was 
not  evident  in  the  payload  random  vibration  environment.  The 
random  vibration  was  found  to  increase  for  some  payload  panels  and 
to  decrease  for  the  other.  To  investigate  the  possible  mechanisms  for 
helium  effects  on  sound  pressure  and  random  vibration,  a  statistical 
energy  analysis,  using  the  VAPEPS  computer  program,  was 
performed.  The  analysis  suggests  a  possibility  of  structural  damping 
change  due  to  helium,  in  addition  to  other  effects.  The  damping  of 
the  equipment  panel  may  be  altered  because  of  helium  gas  pumping 
effect  at  structural  joints.  The  overall  effect  depends  on  the  number 
of  structural  joints.  After  including  this  gas  pumping  effect,  the 
analyses  agreed  well  with  test  observations. 


INTRODUCTION 

During  the  launch  and  ascent  phase  of  flight,  a  high  level  fluctuating 
acoustic  and  aerodynamic  pressure  environment  exists  on  the  exterior  surface  of 
a  space  vehicle  fairing.  This  environment  will  cause  the  fairing  to  vibrate  and 
radiate  acoustic  energy  into  the  internal  space  enclosed  by  the  fairing.  This 
radiated  acoustic  energy  will  cause  a  payload  mounte*^*  within  this  space  to 
vibrate.  Also,  vibration  will  be  generated  by  energy  airectly  transmitted  to  the 
[uiyload  through  mechanical  paths  that  couple  the  payload  and  fairing  together. 

It  is  treijuently  desirable  to  reduce  this  payload  vibration.  While  there  are  a 
numlier  of  ways  this  could  be  accomplished,  removing  the  air  surrounding  the 
payload  by  flooding  the  fairing  with  helium  has  often  been  discussed  as  a  simple 
and  cost  effective  way  for  accomplishing  this.  The  physical  properties  of  helium 
are  vuch  that  the  sound  pressure  level  within  the  fairing  will  reduced  with 


respect  to  tha*  Ahich  would  exist  for  air  and.  therefore,  hopefully  also  reduce 
that  of  the  acoustic  induced  random  vibration  environment  of  the  payload.  To 
study  this  idea,  acoustic  tests  [ref.  1]  were  performed  on  a  payload  enclosed  by  a 
fairing.  Tests  were  performed  with  this  f-iirng  first  filled  with  air  and  then  with 
helium.  Comparative  measurements  did  show  that  the  sound  pressure  level  was 

reduced  significantly  by  helium;  however,  these  measurement  did  not  show  a 
clear  advantage  for  reducing  the  random  vibration  response  of  the  paylaod.  The 
random  vibration  of  certain  payload  panels  were  found  to  increase,  while  that  of 
other  panels  were  found  to  decrease. 

In  this  paper  the  data  obtained  from  these  tests  are  reviewed,  and  a 
possible  mechanism  for  the  above  described  observations  is  proposed  and 
explored  analytically.  The  analysis  was  to  predict  the  effect  of  helium  on  both 
acoustic  and  vibration  environment  using  statistical  energy  analysis  concepts. 

The  computer  code  VAPEPS  was  employed  to  perform  this  analysis. 

REVIEW  OF  TEST 

An  experimental  test  program  [1]  was  performed  to  evaluate  the 
effectiveness  of  reducing  the  internal  sound  field  to  obtain  a  payload  vibration 
reduction.  The  test  was  performed  in  a  reverberant  acoustic  chamber.  As 
shown  in  Fig.  1  the  test  specimen  was  a  shroudlO-ft  in  diameter  with  a 
simulated  payload  installed  inside  and  mounted  to  the  acoustic  test  facility  floor 
by  a  base  mount  fixture. 


I  ,/  T  '  ' 

r^  T'r  III  7  TT 


Pig.  1  71‘ST  SIMULATION  (note:  not  to  scale) 


Microphones  were  used  to  measure  the  sound  pressure  level  inside  and  outside 
of  the  shroud.  Accelerometer  measurements  were  made  to  define  the  vibration 
level  of  the  shroud  and  the  simulated  payload.  Fig.  2  shows  a  typical  noise 
reduction  of  the  shroud  filled  with  air  and  helium.  The  noise  reduction  is  the 
difference  between  spatially  averaged  external  SPL  and  the  internal  SPL 
measured  in  the  upper  portion  of  the  shroud.  Similar  noise  reductions  were 
found  in  the  other  portion  of  the  shroud.  Helium  produced  significantly  more 
noise  reduction  than  air.  The  internal  sound  pressure  level  for  helium  is  about 
10  dB  or  more  lower  than  that  of  air  over  ail  frequencies.  Fig.  3  shows  the 
random  vibration  of  the  shroud.  Helium  does  not  significantly  affect  the  random 
vibration  of  shroud  itself.  This  is  expected  because  the  shroud  vibration  is 
mainly  due  to  external  acoustic  field  which  is  unchanged.  Fig.  4  shows  the 
random  vibration  of  +Z  panel.  Helium  is  found  to  reduce  the  panel 
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Fig.  4  Random  Vibration  of  +Z  Panel 


rand(>t7i  \ibrati(ni  significantly,  especially  in  the  higher  frequencies.  This  panel 
is  the  bottoni  panel  of  the  box-like  payload  which  is  mounted  to  the  shroud  at 
this  location.  It  has  few'  structural  joints.  It  is  excited  by  both  the  mechanical 
energy  transmitted  from  the  shroud  via  support  structures  and  the  internal 
sound  pressure.  I'he  relative  contribution  of  these  two  excitation  source  on  the 
resulting  panel  vibration  is  unkown.  Fig.  5  shows  the  random  vibration  of  -t-X 
panel.  This  is  one  of  the  side  panels.  Helium  is  found  to  increase  the  panel 
random  vibration  level  which  is  opposite  to  the  helium  effect  found  in  VL  panel 
vibration.  The  fundamental  structure  of  this  panel  is  not  too  different  from  that 
of  the  -!-Z  panel,  except  this  panel  has  many  structural  joints. 


Fig.  .*7  Random  Vibration  of  +X  Panel 


file  ticoustic/struciural  coupling  of  -t-X  panel  and  +Z  panel  are  very  similar  and  is 
not  believed  tiiat  this  effect  would  account  for  the  differences  observed.  This 


leads  one  to  wonder  if  the  structural  joints  may  have  something  to  do  with  the 
helium  effect  on  panel  vibration.  Fig.  6  shows  the  random  vibrations  of  -Y  panel 
This  is  another  side  panel  of  the  payload.  It  is  very  similar  to  +X  panel  and  also 
has  many  structural  joints.  Again,  the  helium  is  found  to  increase  the  panel 
random  vibration  level.  This  finding  is  consistent  with  the  measurement  of  +X 
panel.  This  consistency  at  least  convinces  us  the  findings  are  real  and  ruled  out 
the  possiblility  of  mistakes  made  in  measurement  or  data  reduction. 


Fig.  6  Random  vibration  of  -Y  Panel 

Fig.  7  shows  the  random  vibration  level  for  SZ2  panel  which  is  the  panel 
mounted  on  the  side  of  payload.  The  original  data  in  [1]  is  presented  in  terms  of 
transfer  function  in  dB  between  the  vibration  level  and  internal  sound  pressure 
level.  Since  the  internal  SPL  is  not  the  same  for  air  and  helium,  the  original 
transfer  function  data  cannot  be  used  for  direct  comparisons.  To  make  a  direct 
comparison,  these  data  are  corrected  to  the  same  external  SPL  by  adding  back 
the  difference  in  noise  reduction  between  air  and  helium.  As  seen  in  Fig.  7 
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helium  is  found  to  reduce  the  random  vibration  significantly.  The  SZ2  panel  has 
few  joints  and  its  response  is  mainly  due  to  acoustic  excitation.  These  mixed 
results  of  helium  on  panel  vibraiton  have  puzzled  the  aerospace  community  for 
some  time.  To  understand  the  seemingly  mysterious  findings  of  the  helium 
effect  on  panel  vibration,  an  analytical  study  was  performed.  Hopefully,  this 
analysis  would  offer  a  possible  explanation  of  the  helium  effect  on  a  shrouded 
pay ioad. 
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Fig.  7  Random  vibration  of  5Z2  Panel 


ANALYTICAL  STUDY 

SEA  MODFL 

To  study  the  effect  of  helium  on  the  internal  sound  pressure  level  and 
random  vibration  of  payloads.  Statistical  Energy  Analysis  (SEA)  were 
performed.  The  VAPEPS  code  [3]  was  used  to  facilitize  the  modelling  and 
computation,  d'wo  Statistical  Energy  Analysis  (SEA)  Models  were  used  and  are 
shown  in  Fig.  8.  These  SEA  models  consist  of  4  elements  which  represent  the 
external  acoustic  field  (CELL),  cylindrical  shroud  (CYLN),  internal  acoustic  field 
(CAV),  and  payload  panel  (PLAT).  Both  resonant  energy  transmision  (solid  line) 
and  nonresonant  transmission  (dotted  line)  are  included  in  these  models.  The 
external  acoustic  field  is  assumed  to  be  reverberant  and  with  a  sound  pressure 
level  of  130  dH  flat  over  the  frequencies.  Because  of  the  lack  of  detailed 
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sturctural  information  on  the  test  specimen  in  [1],  the  shroud  in  the  model  was 
arbitarily  chosen  to  be  a  200-inch  diameter  cylinder,  70-inch  in  length.  The 
payload  panel  is  assumed  to  be  a  50-inch  by  50-inch  flat  homogeneous 
aluminum  plate  of  0.2-inch  in  thickness.  The  structural  properties  used  in  the 
SEA  model  are  definitely  different  from  those  of  the  specimen  tested  in  [1],  The 
SEA  model  is  intended  to  study  the  observed  helium  effects  qualitatively,  not 
quantitatively. 

Model  1;  Acoustic  Path 
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Fig.  8  Statistical  Energy  Analysis  Model 

In  model  I,  There  is  no  connection  between  the  CYLN  element  and  PLAT 
element.  The  payload  panel  (PLAT)  is  excited  by  the  internal  acoustic  field 
only.  This  model  is  suitable  in  the  study  of  SZ-2  pane!  which  is  mounted  off  the 
upper  edge  of  the  box-like  payload.  Its  vibration  is  mainly  due  to  the  direct 
excitation  of  the  acoustic  field  around  it.  In  model  II,  in  addition  to  the 
connection  to  the  internal  acoustic  field  (CAV)  the  PLAT  element  is  also 
connected  to  the  CYLN  element.  The  payload  panel  is  excited  by  both  the 
internal  acoustic  field  and  the  mechanical  energy  transmitted  from  the  shroud 
(CYLN).  This  model  is  suitable  in  the  study  of  +Z,  -t-X,  and  -Y  panels.  Table  1 
shows  the  parameters  of  the  SEA  elements  used  in  the  model.  Some  parameters 
are  obvious  and  others  are  peculiar  to  the  VAPEPS  code.  The  meaning  of  each 
parameter  in  this  table  will  be  found  in  the  VAPEPS  User’s  Manual  [3].  Table  2 
describes  the  connecting  path  between  elements.  For  the  meaning  of  these 
connecting  path  refer  to  VAPEPS  User's  Manual  [3j.  Briefly,  the  connecting 
elements  aie  specified  and  followed  by  the  type  of  connection.  For  example 
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TABLE  1 

PAR AMETERS  OF  SEA  ELEMENTS 
(units:  snail,  inch,  sec) 


Element: 

CHX 

TYPE  = 

1 

RHO  = 

1.15E-7 

AP  = 

3.20E6 

^  - 

3.19E8 

AAC  = 

0.02 

CD  = 

1.32E4 

Element: 

CYLN 

TYPE  = 

4 

RHO  = 

2.54E-4 

RHOS  = 

9.41E-5 

ASMS= 

0 

H 

0.375 

D 

200. 

BL  = 

70. 

ALX  = 

209. 

ALY  = 

70. 

PATA= 

1676. 

AP  = 

4.396E4 

E 

10.E6 

DLF  = 

0.04 

CL  = 

2.01E5 

CD  = 

1.32E4 

Element: 

CAV 

TYPE  = 

1 

RHO  = 

1.15E-7 

AP  = 

4.896E4 

V 

2.198E8 

AAC  = 

0.02 

CD  = 

1.32E4 

Element: 

PLAT 

TYPE  = 

3 

RHO  = 

2.54E-4 

RHOS  = 

5.08E-5 

ASMS= 

0 

H 

0.2 

ALX  = 

50. 

ALY  = 

50. 

PATA= 

200. 

AP  = 

2.5E3 

E 

10.E6 

DLF  = 

0.04 

a  = 

2.01E5 

CD  = 

1.32E4 

TABLE  2 

CONNECTING  PATH 


MODEL  I 

CELL,  CYLN.  2 
CYLN,  CAV,  2 
CELL,  CYLN,  CAV,  5 
CAV,  PLAT,1 


MODEL  II 

CELL,  CYLN,  2 
CYLN,  CAV,  2 
CELL,  CYLN,  CAV,  5 
CAV,  PLAT,1 
CYLN,  PLAT,  11 
BJL=50. 

BETA=90. 
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(CELL.CYLN,  2)  indicates  external  acoustic  field  (CELL)  is  coupled  to  the  cylinder 
(CYLN).  In  model  11,  the  payload  panel  is  assumed  to  be  attached  radially 
(parameter  BETA=90.)  inward  tc  the  shroud  with  a  junction  length  (paramenter 
BJL)  of  50  inches.  This  junction  length  is  arbitarily  chosen  and  will  strongly 
influence  the  relative  contribution  of  acoustic  excitaiton  and  mechanical 
excitation. 

STRUCTURAL  DAMPING 

The  damping  of  aerospace  structures  made  up  of  sheets,  ribs,  stringers  and 
rivets  may  be  due  to  (1)  internal  metal  damping,  (2)  surface  friction  and  plastic 
deformation  at  joints,  (3)  gas  pumping  at  joints.  The  first  two  damping 
mechanisms  are  independent  of  the  surrounding  gas  medium.  The  third  one 
does  depend  on  the  medium.  When  the  structure  vibrates,  the  small  structural 

joint  gaps  change  accordingly.  The  gas  is  pumped  in  and  out  of  the  narrow  gap, 
and  causes  viscous  dissipation.  The  amount  of  dissipation  depends  on  the  gas 
properties.  This  mechanism  is  believed  to  be  one  of  the  reasons  for  the 
observed  changes  in  vibration  due  to  helium. 

The  theory  of  damping  by  gas-pumping  is  rather  complicated.  G.  Madanik 
[2]  derived  the  expression  for  the  loss  factor  for  the  case  of  a  vibrating  panel 
with  a  stationary  beam  attached. 
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Where 

^  =  speed  of  sound  in  gas 

y>  =  rms  pressure 

The  function  H(  9  )  is  a  measure  of  the  ease  of  gas  flow  in  the  gap,  and 
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f  s  a  c  V  /  UJ  )  (3) 

where 

h  rr  gap  thickness 

y>  -  kinematic  viscosity  of  the  gas 
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Using  equations  i^^2)  Sc  O),  equation  (1)  becomes 
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It  is  obvious  that  helium  reduces  the  gas-pumping  damping.  Since  the  total 
structural  damping  is  the  contribution  of  all  three  mechanisms  (i.e.  internal 
friction,  friction  at  joints,  and  gas  pumping  at  joints),  the  overall  effect  of  helium 
depends  on  the  type  of  joints  as  well  as  the  number  of  joints.  When  the 


TABLE  3 

DAMPING  LOSS  FACTOR  DUE  TO  HELIUM  GAS-PUMPING 


FREQ 


INTERNAL 
SPL  (AIR) 


INTERNAL  Pair/Phelium  LOSS 

SPL  (HELIUM)  FAC 


structural  pieces  are  fastened  together  with  w'elding  there  is  no  gap  between 
them,  and  there  is  no  gas-pumping  effect  on  damping.  If  the  pieces  are  bolted 
together,  there  are  significant  gas-pumping  effects  at  these  joints.  The  damping 
lo^s  factor  of  payload  panel  (PLAT)  for  air  is  assumed  to  be  0.04.  This  damping 
value  is  also  used  for  the  helium  without  gas-pumping  at  joints.  In  the  case  of 
helium  with  gas-pumping,  equation  (4;  is  used  to  calculate  the  damping  loss 
factor  for  payload  panel  (PLAT).  Table  3  shows  the  damping  loss  factor  of  panel 
due  to  helium  gas-pumping.  Since  the  values  of  Pair/^^hclium  required  in 

equation  (4),  the  internal  rms  pressure  (in  dB)  were  first  calculated  using  a  SLA 
model.  The  resilts  are  shown  in  columns  (2)  and  (3)  in  Table  3  for  the  air  and 
the  helium,  respectively.  The  ratios  of  the.se  pressure  (in  linear  value)  are 
calculated  and  shown  in  column  (4).  The  damping  loss  factors  due  to  helium 
gas-pumping  are  then  calculated  according  to  equation  (4)  and  shown  in  column 
(5).  These  values  are  assumed  to  be  the  total  damping  loss  factor  of  payload 
panel  (PLAT).  In  other  words,  the  gas-pumping  of  air  and  helium  at  joints  is 
assumed  to  he  the  dominant  over  other  damping  mechanism. 

Results  of  .Analysis 

(A)  Model  I  -  Acoustical  Path  Only 

Fig.  9  shows  the  internal  Sound  Pressure  Level  (SPL)  of  the  cylinorical 
cavity  (CAV)  predicted  with  SEA  Model  I  (acoustical  path  only).  The  SPL  of  the 


Fig.  9  Sound  Pressure  Level,  No  Gas  Pumping,  Acoustic  Path  only 


f  L orlv'  '!it  .ii.iii.i'  r  i('il  1)  IS  arbiiarily  assumed  to  be  130  dB.  'I'he  structural 
da!ii['.iis  (ii  tire  |\ivi>Md  ['aiic!  (PLAT)  i.  assumed  co  be  the  0.04  for  both  air  and 
hcliiiii  .ojicNpoiris  to  the  case  when  gas-pumping  is  negligible.  The 

lioliiMi!  is  ti.ni.id  !o  reduce  the  iiUernal  SPL  appreciably.  Fig. 10  shows  the  eftect 
m  hciiuMi  vii',  ,!c.ck  i.oioii  random  vibration.  The  cylinder  vibration  is  unchanged 
atri  tiu;  ['aiiel  \  i!'i .iihui  is  reduced  by  helium,  d'hc  panel  structural  damping  is 
assuiiccii  U'  t>c  i:u  li  triced.  This  correpsonds  to  the  case  of  the  SZ2  panel  in  [1], 
alircii  li.i  s  'vc:;.  : .  .v  structural  joints. 
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Random  Vibration,  No  Gas  Pumping,  Acoustic  Path  only 


H'  )del  11  Acoustical  and  .Mechanical  Path 


!  1.:  1  i  sltf’css  die  predicted  internal  SPL  in  the  cylindrical  cavity  (CAV) 

tiiled  -Ai'h  arr  and  helium,  respectively  Both  acoustical  and  mechanical  paths 

are  in. duded  in  SicX  model  II,  The  SPL  of  reverberant  chamber  (CELL)  is  130  dE. 
i  he  ^nra!  dariijung  of  the  payload  panel  (PLAT)  is  assumed  to  be  0.04  for 
nr  n'  I  hclmm.  Ibis  is  the  case  when  gas-pumping  is  negligible.  Helium  is 
t>  im  I'l  r  - luce  die  internal  SPL  appreciably.  The  predicted  random  vibration  is 
■!i  '.m  III  lie  I  T  Idic  random  vibration  level  of  the  cylinder  is  found  to  be 
iiid:  I, .cd  dll'  [Mciiiad  panel  vibration  is  reduced  slightly  in  the  case  of 

ricliu'!  Sin  ■  the  panel  structural  damping  is  assumed  to  be  unchanget'  and  the 
I-  mainly  due  to  the  transmitted  mechanical  energy  from  the  cylinder 
m  tM-  m  )de!  !lll^  reduction  in  vibration  is  mainly  due  to  the  difference  in 
i.iduiiu  ’n  ia.iie  I'  e  v.  Inch  is  not  much.  This  corresponds  to  the  case  of  the  -rZ 
[  '■!  in  :  1  !.  .'bub  lias  very  few'  joints.  The  helium  effect  on  vibration  reduction 
1  '  die  'same. 


1 1 )'  e ! d  to 


When  the  structure  has  many  joints,  the  gas-pumping  effect  at  joints  can 
be  important  in  determining  the  overall  structural  damping.  When  this  is  the 
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Fig.  11  Sound  Pressure  Level,  No  Gas  Pumping,  Acoustic  &  Mechanical  Path 
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case  for  payload  panels,  the  values  in  Table  3  should  be  used  for  the  damping 
loss  factor.  Fig.  13  shows  the  predicted  helium  effect  on  the  internal  SPL. 


1/3  OCTflVE  CENTER  FREQliENCT,  IHZl 

Fig.  13  Sound  Pressure  Level,  With  Gas  Pumping,  Acoustic  &  Mechanical  Path 


1/3  DCTNVE  CKNITH  IHEQllENCr ,  IMZ) 

1  ig.  14  Random  Vibration,  with  Gas  Pumping,  Acoustic  &  Mechanical  Path 


As  in  the  other  cases,  the  internal  SPL  is  significantly  reduced.  Fig.  14  shows  the 
predicted  vibration  level.  The  panel  vibration  is  found  to  be  increased.  This  is 
consistent  with  that  observed  for  the  +X  panel,  and  -Y  panel  in  ref.  (!].  These 
panels  have  many  structural  joints  and  therefore  gas  pumping  has  a  significant 
effect  on  their  damping  characteristics.  In  these  cases,  the  reduced  structural 
damping  due  to  helium  more  than  compensate  for  the  reduced  internal  SPL 
e.Kcitation 


CX3NCLIJS10NS 

Using  SEA  models,  the  predicted  effect  of  helium  on  internal  sound 
pressure  levels  and  payload  vibration  is  found  to  be  consistent  with  that 
empirically  observed.  Helium  lowers  the  internal  sound  pressure  level, 
however,  its  effect  on  payload  vibration  is  more  comple.x  because  of  the  changes 
in  internal  sound  pressure  level  and  the  changes  in  structrual  damping  itself. 
Helium  does  change  the  acoustic/structural  coupling  and  radiation  damping,  but 
the  effect  is  secondary.  The  overall  damping  of  a  structure  is  due  to  a 
combination  of  friction  and  gas-pumping  at  joints.  Joint  friction  is  independent 
of  the  gas  medium.  However,  the  gas  pumping  effect  is  strongly  dependent  on 
medium  properties.  The  pumping  of  helium  at  joints  lowers  the  damping  in 
comparison  with  that  which  exists  with  the  air.  If  the  internal  acoustic  pressure 
is  the  main  excitation  of  the  payload  structure  and  there  are  few  joints,  helium 
will  reduce  the  payload  vibration  mainly  due  to  the  lowered  sound  pressure 
level.  Helium  has  little  effect  on  the  vibration  of  panels  with  few  structural 
joints  when  the  e.vcitation  is  dominated  by  mechanically  transmitted  energy. 
However,  when  the  peyloau  has  many  structural  joints,  the  structural  damping 
will  be  reduced  significantly  by  the  helium.  The  payload  vibration  will  depend 
on  the  relative  effects  of  reduced  structural  damping  and  reduced  sound 
pre.ssure  levels  when,  it  is  the  internal  acoustics  that  is  the  dominating  source  of 
excitation.  When  mechanically  transmitted  energy  is  the  dominant  source  of 
excitation,  helium  w'ill  increase  the  structural  vibration  due  to  reduced  damping. 
The  SF.A  concept,  as  embodied  in  the  VAPEPS  conputer  code,  not  only  provides  a 
method  for  accounting  for  the  effect  of  various  acoustic/structural  parameters 
on  payload  response,  but  also  is  a  valuable  tool  for  interpreting  empirical  data 
trends. 
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VALIDATION  OF  LACE  SPACECRAFT 
VIBROACOUSTIC  PREDICTION  MODEL 


Aaron  A.  Salzberg 
rSaval  Research  Laboratory 
Washington,  DC  20375 


The  purpose  of  this  paper  is  threefold;  first, 
verify  that  the  VibroAcoustic  Payload 
Environment  Prediction  System  (VAPEPS)  ,  as 
developed  by  the  Lockheed  Missile  and  Space 
Company  and  monitored  by  the  Jet  Propulsion 
Laboratory  (JFL) ,  is  a  viable  means  of 
predicting  spacecraft  component  responses  to 
an  acoustic  environment;  second,  address  the 
determination  of  important  parameters  in  the 
creation  of  a  Statistical  Energy  Model  in 
order  to  achieve  accurate  results  using 
VAPEPS;  third,  present  a  technique  for 
deriving  component  random  vibration  test 
levels  from  these  results. 


INTRODUCTION 

Any  payload  transported  to  space  is  required  to  survive  several 
structurally  threatening  environments.  Launch  and  ascent  subject  the 
space  vehicle  to  an  entire  spectrum  of  vibratory  loads. 
Structureborne,  low-frequency  vibrations  feed  energy  into  the  lower 
modes  of  the  structure,  inducing  large  system  level  stresses.  High- 
order  modes,  excited  acoustically  by  engine  and  aerodynamic  noise, 
fatigue  components.  Early  and  reliable  prediction  of  these  operating 
environments  ensures  a  safe  and  efficient  part  design. 

Several  techniques  are  available  for  predicting  the  response  of  a 
structure  to  random  vibratory  loading.  Deterministic  analyses,  such 
as  the  finite  element  method,  have  a  proven  record  of  successfully 
predicting  the  stresses  and  displacements  in  the  low  frequency  regime. 
At  higher  frequencies  however,  the  models  often  become  complex  and 
require  large  amounts  of  computer  time. 

Recently,  statistical  energy  analysis  (SEA)  methods  have  emerged 
with  a  philosophy  more  suited  to  dealing  with  the  high-order  modes  of 
a  structure.  The  vibrating  system  is  represented  statistically  and 
the  response  prediction  based  upon  the  average  vibrational  energy 
contained  within  a  band  of  frequencies.  With  this  method  the 
structure  is  more  simply  modelled  using  its  gross  structural 
properties  and  the  analysis  performed  quickly  and  inexpensively.  [1] 

The  Vibroacoustic  Payload  Environment  Prediction  System  (VAPEPS) 
was  developed  as  a  tool  for  determining  the  response  of  structures 
excited  by  an  acoustic  field.  JPL,  under  contract  to  the  Air  Force 
Space  Division,  has  since  taken  over  development  of  the  program. 


enhancing  its  capabilities  while  promoting  its  industry-wide  use. 
Although  VAPEPS  contains  several  methods  for  extrapolating  new 
responses  from  previously  tested  configurations,  the  core  of  the 
system  is  a  Statistical  Energy  MODeler,  SEMOD,  The  following  paper 
presents  a  methodology  for  developing  an  SEA  model  for  a  particular 
spacecraft  and  discusses  important  aspects  in  characterizing  the 
specific  structural  elements  within  the  constraints  of  the  VAPEPS 
software.  The  results  of  the  analyses  were  compared  to  experimental 
data  measured  during  a  system-level  acoustic  test  of  the  spacecraft. 
The  predictions  were  evaluated  with  regard  to  their  spectial  shape  and 
overall  root-mean-square  accelerations  (GRMS) ,  and  the  valid  frequency 
range  for  these  predictions  was  defined.  Since  the  ultimate  goal  is 
to  provide  the  designer  with  an  accurate  random  vibration  environment 
for  testing  components  early  in  the  flight  program,  techniques  were 
demonstrated  for  extracting  these  test  spectra  from  VAPEPS  results. 


SEA  MODEL 


LACE 


The  Low-power  Atmosphere  Compensation  Experiment  satellite,  LACE, 
is  shown  deployed  in  Figure  1;  it  is  96  inches  high,  52  inches  wide, 
and  52  inches  deep.  The  satellite's  primary  structure  is  constructed 
from  one  inch  thick  honeycomb  sandwich  panels  bolted  to  an  aluminum 
stringer-longeron  frame  (see  Figure  2)  .  Each  of  the  four  side  panels 
are  composed  of  three  smaller  individual  panels  joined  together  by  a 
longeron.  The  core  is  capped  at  each  end,  on  the  +Z  side  by  the  space 
end  deck  and  on  the  -Z  side  by  the  earth  end  deck.  The  space  end  deck 
is  one  inch  thick  honeycomb  as  is  the  internal  RF/Boom  deck.  The 
earth  end  deck  is  a  rib-stiffened  0.125  inch  thick  aluminum  plate. 
All  the  decks  are  bolted  along  their  perimeters  to  the  main  framework. 
The  deployable  solar  and  sensor  panels  are  0.5  inch  honeycomb  sandwich 
panels  bolted  to  locking  hinges  and  stowed  with  two  explosive  bolts. 
At  each  corner,  deployable  sensor  arms  are  attached  by  a  hinge  at  one 
end  and  an  explosive  bolt  at  the  other. 


SEA  MODEL  OVERVIEW 

Within  the  VAPEPS  system,  SEAMOD  was  used  to  assemble  user 
specified  elements  to  develop  and  analyze  the  SEA  model  of  the 
structure.  The  structural  elements,  acoustic  excitations,  and  element 
connections  were  selected  and  characterized  through  an  interactive 
runstream  and  the  analysis  carried  out  using  SEA  methods  developed  by 
Dr.  Lyon  [7].  Each  element  was  defined  by  its  geometric  configuration, 
material  properties,  and  physical  parameters  (such  as  mass-loading  and 
panel  discontinuities),  which  dictate  its  response  to  acoustic 
excitations . 

The  primary  modeling  philosophy  was  to  keep  the  complexity  low 
without  compromising  the  value  of  the  response  predictions.  It  was 
also  demonstrated  that  exacting  detail  in  the  model  gained  little 
benefit  in  the  predictions;  this  is  a  direct  result  of  the  statistical 
nature  of  the  analysis.  The  primary  LACE  structure  was  represented  by 
four  stiffened  plate  elements  welded  at  the  edges  to  form  the 


Figure  2. 


LACE  Primary  Structure 


rectangular  core.  The  space  end  and  RF-Deck  panels  were  modelled  as 
unstiffened  square  plates  w’elded  on  each  edge  to  each  of  the  four  side 
panels.  The  earth  end  panel  was  a  similarly  attached,  rib  stiffened 
pdate.  The  models  for  the  enclosed  and  external  airspaces  were  based 
oil  standard  atmospheric  conditions  at  room  temperature. 

The  solar  and  sensor  panels  were  represented  by  unstiffened  plate 
elements  connected  to  the  primary  structure  through  point  connections. 

o’' ate  elements  were  welded  together  to  form,  the  C  cross  section 
of  the  censor  arm  ana  the  unir  was  ai.tacueu  to  the  primary  structure 
us;nq  two  point  connections.  The  entire  model  was  excited  by 
.specifying  the  sound  pressure  level  in  the  external  airspace  acting  on 
ail  external  surfaces. 

A  flowchart  of  the  model  which  contained  29  structural  and 
acoustic  elements  and  69  path  connections  is  given  in  Figure  3. 


f’pEilENI  ChARACTERIZATION 

Accurate  prediction  with  VAPEPS  was  highly  dependent  on  the  input 
variables  used  to  define  a  particular  element.  Parameter  selection 
influenced  the  m.agnitude  as  well  as  the  shape  of  the  response 
spectru.m . 

A  VAPEPS  subroutine,  EQPL,  was  used  to  reduce  complex  multi¬ 
layered  panels  (such  as  a  honeycomb  sandwich  panel,  with  or  without 
ribs)  to  equivalent  homogeneous  plates  by  modifying  the  plate 
stiffness,  density,  and  thickness  in  order  to  match  the  dynamic 
characteristics  of  the  original  panel.  This  allowed  replacement  of 
the  LACE  panels  with  "dynamically  equivalent"  homogeneous  plates  which 
responded  like  the  original  panels  to  an  acoustic  excitation.  EQPL  was 
used  to  compute  the  equivalent  material  properties  for  the  unstiffened 
honeycomb  sandwich  solar  and  sensor  panels.  This  was  repeated  for  the 
space  end  and  RF/Boom  deck  panels,  making  the  assumption  that  the 
primary  truss  structure  did  not  influence  the  plate  stiffness. 

The  stiffness  parameters  of  the  ribbed  panels  were  defined  for 
two  frequency  ranges,  accurately  representing  the  frequency-dependent 
dynamic  behavior  of  these  panels.  Low-frequency  excitations  drove  the 
entire  panel,  and  the  EQPL  parameters  for  the  rib-panel  combination 
appropriately  characterized  the  plate.  However,  at  high  frequencies, 
the  wavelength  of  the  bending  waves  traveling  in  the  panel  became 
sm.aller,  and  the  response  of  the  panel  was  dominated  by  the 
unstiffened  area  between  the  ribs.  This  effect  was  modeled  by  basing 
the  plate  response  on  the  unstiffened  honeycomb  panel  parameters  at 
frequencies  above  the  transition  frequency  f^,  as  defined  below,  and 
the  equivalent  properties  for  the  ribbed  panel  below  f.(-. 

The  frequency  f.^  was  determined  by  computing  the  first  resonant 
mode  of  the  panel  area  between  the  ribs.  The  first  mode  occurred  when: 

1  ■=  L/2  (1) 

v;herc  wavelength  of  the  bending  wave  in  the  matei  lal  (in),  and 

i  --  smallest  subpanel  surface  dimension  (in). 

The  frequency  f^,  computed  from  the  bending  wave:';.'r;ed  in  metal  [3] 
f  or  a  wavclengtir  of  21,  was  then 


Figure  3.  LACE  SEA  Model 


(2) 


-  (  .452tC3^)/l2 

where  t  =  subpanel  equivalent  thickness  (in),  and 
=  longitudinal  wavespeed  (in/sec), 

Following  the  above  rationale,  the  ribbed  side  ana  ea-rrh  end 
panels  were  represented  with  material  properties  based  on  their 
stiffened  parameters  below  f^  and  unstiffened  parameters  above  f^.  As 
before,  the  surrounding  frame  structure  was  included  as  a  boundary 

v-oiiu j. c. xoii  lox  uiie  extjiutinLis ,  Aiot  as  scifroncrs. 

Other  input  parameters  that  characterized  the  structure  were  not 
easily  derived,  relying  on  "engineering  judgment".  One  such  parameter 
measured  the  linear  length  of  discontinuities  which  disrupted  the 
bending  wave  pattern  in  the  panel.  This  determined  the  radiation 
capabilities  of  a  particular  panel  based  on  equations  derived  by 
Maidanik  [8].  Boundary  conditions,  rib  stiffener  edges,  and  components 
with  sharp  corners  mounted  with  closely  spaced  bolts  were  all 
considered  as  discontinuities  of  the  LACE  panels,  and  their  individual 
lengths  were  added  together.  Another  paramecer,  panel  damping,  was 
assumed  to  be  the  same  for  all  the  panels,  varying  inversely  wi'^h 
frequency,  with  ten  percent  damping  at  250  Hertz.  Comparisons  with 
the  test  data  indicated  that  at  high  frequencies  the  influence  of  the 
assumed  damping  on  the  predicted  plate  response  was  excessive; 
therefore  it  was  set  to  zero  above  1000  Hertz.  Lastly,  components 
which  added  mass  but  no  stiffness  were  considered  as  non-structural 
masses  and  included  as  a  mass  smeared  across  the  panel.  The  ratio  of 
the  component  to  total  panel  mass  was  then  used  as  part  of  the  SEMOD 
calculations  to  scale  the  response. 

After  each  panel  was  represented  with  an  "equivalent" 
homogeneous  plate  element,  all  were  assembled  by  specifying  either 
weld  or  point  connections  between  them.  The  internal  air  element  was 
modeled  and  coupled  acoustically  to  all  internal  surfaces  and  to  the 
external  airspace  by  a  non- resonant  connection  through  the  side 
panels.  The  external  airspace  was  the  only  excitation  element, 
applying  a  specified  sound  pressure  level  to  all  external  surfaces. 

The  SEMOD  program  computed  the  coupling  loss  factors  of  the  model 
and  solved  the  energy  balance  equations  for  each  1/3  octave  band.  The 
element  response  predictions  were  presented  as  mean  acceleration 
spectral  density  values  for  each  frequency  band. 


ACOUSTIC  TEST 

A  system  level  acoustic  test  of  the  LACE  spacecraft  was  performed 
at  the  Naval  Research  Laboratory's  acoustic  test  facility.  An  overall 
sound  pressure  level  of  147  dB  was  maintained  for  120  seconds.  The 
averaged  microphone  pressure  level  is  shown  in  Figure  4 .  The  LACE 
structure  was  instrumented  with  84  accelerometers,  several  measuring 
the  panel  responses  normal  to  the  surface. 

The  data  were  analyzed  using  a  GENRAD  Data  acquisition  system, 
downloaded  to  a  VAX  11/780,  and  read  into  VAPEPS  for  conversion  into 
1/3  octave  band  acceleration  spectral  densities.  VAPEPS  contained 
several  r-outines  for  the  manioulation  and  analysis  of  test  data;  one 
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such  routine  performed  the  conversion  of  narrow  band  test  data  into 
1/3  octave  band  data. 


LACE 

23-.;AN-S.3 


Figure  4 .  LACE  Acoustic  Test  Sound  Pressure  Level 


RESULTS 

The  mean-square  acceleration  spectral  densities  predicted  by 
VAPEPS  are  presented  along  with  the  measured  values  for  several 
elements  in  Figures  5  through  14. 

Figures  5  through  8  show  the  results  for  the  unstiffened  panels. 
They  all  exhibit  good  or  excellent  agreement  in  the  mid-  to  high- 
frequency  ranges,  with  large  discrepancies  occurring  at  the  low- 
frequency  end.  The  overall  GRMS  levels  were  also  accurately  determined 
as  seen  in  Table  1,  which  compares  the  predicted  and  measured  GRMS 
values . 

The  results  for  the  heavily  loaded,  ribbed  earth  end  panel  are 
shown  in  Figure  9.  The  data  show  considerable  variability  over  the 
range  of  measurement  points,  presumably  due  to  the  complexity  of  the 
panel  structure  and  masses.  In  the  element  representation,  the 
material  characteristics  of  the  plate  were  reduced  to  the  unstiffened 
case  at  550  Hz  as  dictated  by  Equation  (2).  Good  spectral  correlation 
is  seen  above  130  Hz  along  with  reasonable  agreement  of  the  overall 
GRMS  levels. 

The  predictions  and  data  for  the  four  side  panels  are  shown  in 
Figures  10  through  13.  Again,  the  data  are  shown  to  be  highly 
dependent  upon  the  exact  measurement  location,  and  the  spectral 
correlations  are  less  accurate  (but  good)  above  100  Hz.  Equation  (2) 
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igure  5.  -  X  Sensor  Panel:  Predicted  Response  Versus  Test  Data 


Figure  6.  +  X  Solar  Panel:  Predicted  Response  Versus  Test  Data 

1  A4 


Figure  7.  Space  End  Deck:  Predicted  Response  Versus  Test  Data 


Figure  H.  RF/Boom  Deck:  F^redicted  Response  Vg^-sus  Test  ir.iiu 

1  A 


Figure  9 


Earth  End  Deck:  Predicted  Response  Versus  Test  Data 


F- laure  10.  +  X  Side  Panel:  Predicted  Response  Versus  Test  Data 


Figure  11.  -  X  Side  Panel:  Predicted  Response  Versus  Test  Data 


Figure  12.  +  Y  Side  Panel:  Predicted  Response  Versus  Test  Data 


Figure  13.  -  Y  Side  Panel:  Predicted  Response  Versus  Test  Data 


Figure  14 


Sensor  Arm 


Predicted  Response  Versu 


'lest  Data 


dictated  a  change  in  stiffness  properties  at  290  Hz.  The  overall  GRMS 
levels  predicted  did  show  good  agreement  with  the  measured  values. 


TABLE  1.  Overall  GRMS  Comparison 


c  ^ A  LLrvhrr 

LACE 

SEPARATE 

ACOUSTIC  TEST  DATA 

.'EASUREMENT  LOCATIONS 

MEAN  GRMS 

VAPEPS 

MEAN 

RESULTS 

VSTH  I0 

GRMS 

MEAN 

UNLOADED 

-  /  ScriSOR  PAriEL 

20.5 

15  4 

7.3 

24.5 

53.9 

43.9 

r  /  SOLAR  PANEL 

32,6 

37.7 

8.7 

- 

38.2 

92.0 

38,2 

SPACE  END  DECK 

20.0 

- 

- 

19. 1 

4S  9 

25.8 

RF  BOOM  DECK 

6.8 

10.7 

11.5 

- 

11. fj 

28.0 

21 4 

c  p  T  (H'  E  f-j  0  0 1 C  K 

'?.5 

4.2 

7  r 

14  0 

14,5 

34.5 

48.1 

*  .•  SIDE  PANEL 

4.4 

12.4 

- 

- 

10.6 

25.9 

25,6 

-  A  SIDE  PANEL 

6,6 

7.0 

16.4 

- 

11,1 

26.8 

25.6 

^  f  SIDE  PANEL 

7.6 

- 

12.5 

- 

12.4 

29,8 

25  6 

-  V  SIDE  PANEL 

8,8 

13.2 

9,1 

- 

13  C- 

33.5 

25,6 

SENSOR  ARM 

9.0 

12,0 

- 

- 

23.2 

55.8 

57.9 

The  sensor  arm  data  are  shown  in  Figure  14,  along  with  the 
prediction.  Poor  correlation  is  seen  below,  and  passable  results 
above,  500  Hz.  Again  the  overall  GRMS  is  given  in  Table  1. 

In  all  cases  it  was  evJ lent  that  VAPEPS  did  not  predict  the  low- 
frequency  responses  accurately.  A  priori  knowledge  of  where  this 
divergence  occurs  is  critical  in  defining  the  frequency  range  over 
which  the  predictions  are  valid.  Two  criteria  can  be  used  to 
establish  this  low-frequency  limit.  VAPEPS  uses  Maidanik's  equations 
[8]  for  computing  the  radiated  energy  from  an  acoustically  excited 
panel.  These  expressions  are  valid  only  when 

1/2  kpl  <  1  (3) 

where  k  -  wavenumber  of  acoustic  field  (2*PI/L,  1/in) ,  and 
=  smallest  panel  dimension  (in). 

From  here,  a  lower  frequency  limit  can  be  computed  based  on  the 
validity  of  the  theoretical  equations  governing  the  response. 
Secondly,  statistical  energy  analysis  is  valid  only  in  frequency  banas 
which  contain  at  least  one  structural  mode.  This  establishes  a  low 
irequency  boundary  by  requiring  that 

n  A  f  >  1  (  4  ) 

where  n  =  the  modal  density  (modes/frequency  band,  1/Hz),  and 
Af  =  the  frequency  bandwidth  (Hz) . 

'[able  2  gives  the  low-frequency  limits  for  several  elements  using  both 


techniques.  Comparing  the  limits  to  the  earlier  graphs  demonstrates 
the  effectiveness  of  selecting  the  higher  of  the  two  frequencies  as  a 
low-frequency  boundary.  In  all  cases,  except  for  the  narrow  sensor 
arm,  equation  (4)  is  the  limiting  factor. 

TABLE  2 .  Low  Frequency  Limits 


SOLAR  AND  SENSOR  PANELS 

73 

200 

SPACE  END  DECK 

85 

315 

EARTH  END  DECK 

85 

500 

RF/BOOM  DECK 

85 

315 

SIDES 

85 

200 

SENSOR  ARM 

450 

250 

It  should  be  noted  that  the  measured  data  are  influenced  by  local 
mass-loading  effects,  as  well  as  the  spatial  variation  of  the  response 
due  to  certain  boundary  conditions.  These  affect  the  spectral 
distribution  and  magnitude  of  the  measured  responses,  and  should  be 
considered  when  comparing  the  data  to  the  mean-value  predictions  based 
on  a  smeared-mass  approximation. 


DEVELOPING  COMPONENT  RANDOM  VIBRATION  TEST  SPECTRA 

A  random  vibration  test  is  a  simulation  of  the  vibratory 
environment  that  a  particular  component  may  be  exposed  to  and  often 
the  only  test  used  to  qualify  the  design.  Therefore  it  is  appropriate 
to  discuss  how  test  spectra  can  be  determined  using  the  VAPEPS 
predictions . 

Figure  15  shows  the  Earth  end  panel  narrow  band  test  data  plotted 
with  the  predicted  response  from  VAPEPS.  Looking  at  the  data,  it  can 
be  seen  that  basing  a  test  specification  on  the  mean  value  predicted 
response  may  create  an  undertest  condition  by  underpredicting  the  peak 
-ponses  and  the  localized  mass  loading  effects. 

A  proposed  method  for  bounding  the  narrow  band  peaks  was  to  use  a 
y5th  percentile  response  based  upon  a  log-normal  distribution  and  the 
predicted  mean  response.  [9]  However,  this  yielded  extremely 
conservative  and  potentially  damaging  GRMS  levels  in  several  cases. 
(Table  1)  Another  approach  was  to  define  a  specification  using  the 
worst-case  panel  response,  (ie.  the  largest  GRMS),  as  an  upper  bound. 
For  any  panel,  this  could  be  determined  by  setting  the  non-structural 
mass  to  zero  and  executing  the  SEA  model. 

The  mean  square  spectral  acceleration  for  the  unloaded  earth  end 
panel  is  also  shown  in  Figure  15.  This  is  the  result  obtained  by 
setting  the  non-structural  mass  for  the  earth  end  element  to  zero  and 
resolving  the  energy  balance  equations,  determining  a  new  response. 
Although  it  does  not  completely  bound  the  peaks,  it  doe'-  cover  the 


SEA  ELEMENT 


LOWER  LIMITING  FREQUENCY  (HZ) 
EQUATION  (3)  EQUATION  (4) 


possible  vari itions  of  responses  due  to  local  mass  loading  effects  in 
a  "total  energy"  sense;  see  Table  1.  In  most  cases  it  also  provides 
reasonable  GRMS  levels,  allowing  component  test  spectra  to  be  based  on 
a  constant  energy  approach,  to  be  derived.  With  the  limits 
established,  other  influencing  factors  and  engineering  judgment  can  be 
used  to  derive  appropriate  test  levels.  [6] 

L.ocalized  environments  for  specific  components  can  also  be 
calculated  by  scaling  the  unloaded  response  using  a  factor,  proposed 
bv  Barrett  [2],  which  ratios  the  component  and  structure  v;eights.  In 
Cither  case,  random  vibration  test  specifications  can  be  generated  for 
general  or  component -sped f i c  applications  using  the  YAPEPS 
p  red ict ions . 


Eigure  lb.  Earth  End  Panel  Predicted  Responses  Versus  Narrov;  Band 

Test  Data 


CONCLUSIONS 

The  feasibility  of  SEA  techniques  for  analyzing  the  high- 
frequency  response  of  structures,  and  in  particular  their  api.d  i  c.it  i  on 
to  acoustics,  has  been  demonstrated  several  times  before.  [4j,Lb]  I  he 
results  of  this  study  indicate  that  the  VAPEPS  software  can  be  used 
citiucjt  much  modification,  to  set  up  and  execute  v i b roacoust i c  models 
with  g^iod  results. 

In  the  car,  o  of  the  1,ACE  satellite  model,  the  damping  and 


stittness  were  tailored  to  represent  more  accurately  the  dynamic 
behrivior  of  the  actual  vehicle.  Reducing  the  high-frequency  darnpinq 
v;as  very  effective  in  raising  the  responses  above  1000  Hz,  resulting 
in  better  agreement  with  the  test  data.  Separating  the  material 
properties  of  the  ribbed  panels  into  two  frequency  ranges  allowed 
better  characterization  of  the  response  mechanisms  taking  place  in  the 
panel,  and  dramatically  improved  the  spectral  and  overall 
correlations.  Both  modifications  were  easily  achieved  within  the 
VAPF.PS  environment. 

The  capabilities  of  SEA  at  low  freguencies  were  limited,  but  the 
range  in  which  the  results  are  applicable  v;ere  easily  determined. 
Good  results  were  achieved  with  only  one  structural  mode  in  the  band 
ot  interest,  which  is  important  for  models  of  smaller,  less  complex 
istructures . 

With  a  small  amount  of  manipulation ,  the  results  from  VAPEPS  can 
be  used  to  bound  the  response  spectra  and  aid  in  the  derivation  of 
random  vibration  test  spectra  for  components.  Component  masses, 
"engineering  judgment",  and  program  philosophies  will  all  affect  the 
xinal  specification,  but  VAPEPS  can  be  used  to  establish  initial 
gu Idel ines . 

The  VibroAcousu^o  payload  E.c/ ironrrieiit  Fjl  edict  ion  System  (VAPEPS) 
is  clearly  a  valuable  asset  to  the  aerospace  community.  It  is 
interactive,  easy  to  use,  and  (based  on  this  study)  accurate.  Control 
of  the  entire  model  is  in  the  hands  of  the  user;  the  ability  to 
ccnrrol  and  tailor  parameter  inputs  at  any  point  in  the  analysis  is 
Gxce 1 lent . 

Research  is  still,  continuing  in  several  areas;  for  example,  mass 
ut  t  :  f  e.n  i.ng ,  coupling  loss  factors,  and  damping.  Hopefully,  the  results 
V.' i  L  L  e:-:oand  'lAPEPS  prediction  capabilities  and  reduce  the  significant 
rclo  r,bat  "engineering  judgment"  has  in  the  developement  of  the 
r.ndets.  At  present,  it  can  be  concluded  that  VAPEPS  can  provide 
■ijuLiVite  environmental  predictions  and  provide  the  needed  data  for 
1  .  op  i. r;g  reasonable  ■  ■  i  broacoust  ic  component  test  spcci  f  ications  . 
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COMPARISON  OF  VAPEPS  PREDICTIONS 
WITH  RIS  VIBROACOUSTIC  DATA 


('lark  J.  Beck 
Boeing  Aerospace 
Seattle,  Washington 


ABSTRACT 

The  Vlbroacoustic  Payload  Environment  Prediction  System 
(VAPEPS)  was  used  to  predict  acoustic  and  vibration  environments  for 
an  Inertial  Upper  Stage  (lUS)  vehicle.  The  predictions  were  made  with 
the  VAPEPS  Statistical  Energy  Modeler  (SEMOD).  The  step-by-step 
analysts  procedure  is  described  in  this  paper,  and  an  example  prediction 
is  presented.  The  predictions  are  compared  with  vibroacousiic  test 
environments  measured  on  the  lUS.  Conclusions  and  recommendations 
are  presented  relative  to  use  of  VAPEPS  SEMOD. 


INTRODUCTION 

This  paper  contains  vibration  and  noise  predictions  from  the  VAPEPS  SEMOD  computer 
program.  The  predictions  are  compared  with  measured  vibration  and  acoustic  data. 

A  description  of  the  step-by-step  analysis  procedures  is  presented.  The  description  includes: 
model  definition:  equivalent  plate  calculation;  SEMOD  input;  SEMOD  execution;  SEMOD  output;  and 
model  revision. 

SEMOD  was  used  to  predict  the  vibration  levels  of  loaded  and  unloaded  structure.  The  effects  of 
damping  on  acoustic  and  noise  environments  were  investigated.  The  effect  of  configuration  change 
was  evaluated  by  conducting  analyses  with  different  combinations  of  elements  and  connecting  paths 
betvveen  the  elements. 

The  lUS  Development  Test  Vehicle  (DTVq  was  the  subject  of  the  SEMOD  analysis.  A  large 
number  ol  vlbroacoustic  measurements  are  available  from  this  vehicle.  Comparisons  of  IL'S  D'lA’ 
Tiieasurements  with  the  SEMOD  results  provide  an  ev’aluatlon  of  the  ])redictor. 

Conclusions  and  recommendations  arc  presented  relative  to  the  use  of  V'APEP.S  SEMOD. 


ANALYSIS  PROCEDURE 


The  SEMOD  part  of  VAPEPS  version  5.2  was  used  to  perform  the  analysis.  The  analysis 
procedure  is  shown  in  Figure  1. 


Fig.  1  Analysis  procedure 


STRUCTUFtE  DESCRIPTION 

The  Inert  i'll  Upper  Stage  (lUS)  Development  Test  Vehicle  was  the  subject  of  the  VAPEPS 
analysis.  The  DTV  interstage  cylindrical  structure  and  Equipment  Support  Section  (ESS)  conical 
structure  are  shown  in  Figure  2.  The  lower  Interface  of  the  Interstage  attaches  to  a  solid  rocket  motor 
(SR.M  1).  A  second  solid  rocket  motor  (SRM  2)  is  located  inside  the  conical  structure.  Figure  3  is  a 
photograph  of  SRM  2  and  the  equipment  deck.  Figure  4  shows  the  vehicle  dimensions  and  the 
rehitionshif)  between  the  various  DTV  elements. 
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SRM  2  and  Equipment  Deck 
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Fig.  4  DTV  Coia-iguratlon  and  Dimensions 


ACOUSTIC  NOISE  EXCITATION 

The  DTV  has  been  subjected  to  acoustic  noise  tests  in  a  reverberation  test  cell.  The  cell  is  16  feet 
wide,  24  feet  long  and  20  feet  high.  The  test  cell  noise  levels  are  shown  in  Table  1.  The  one-third  octave 

bcind  sound  pressure  levels  are  used  as  the  excitation  element  in  the  SEMOD  model. 

Table  1  Acoustic  Noise  Excitation 


One-thtrd  Octave  Band 

Center  Frequency 

Sound  Pressure  Level 

(HZ) 

(DBREF  .00002  N/M2) 

50 

126.8 

63 

130.9 

80 

131.5 

100 

132.5 

125 

132.0 

160 

133.4 

200 

132.0 

250 

132.9 

315 

134.5 

400 

135.4 

500 

133.0 

630 

133.3 

800 

133.3 

l.OfX) 

132.5 

1,250 

131.2 

1,600 

130.3 

2,000 

■28.9 

OVTIRAI.L 

144.7 
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tirsi  sU'p  in  rnnciiiciiiig  a  SMMOD  prerliclion  Is  to  study  scrtion  1  I  of  the  WMTfPS  l.'ser's 
rfereiu’e.  Sixtiun  1 1  describes  SKMOD  and  the  irifonniition  required  !or  SMMOD  iniMit.  The 
t  Plate  conimand  is  also  used  in  lliis  example.  Tliis  coinuiand.  is  descrilx'ri  in  section  .''>.51  of 
s  M.inual 


r.iwiiips 

e  SMMOD  and  i-lquix-alent  Plate  input  requirements  are  obtained  from  '.•elude  assemlilv  and 
.  dreueinas.  The  tit  ousiic  test  t.'el!  dimensions  are  also  retiuired. 


uyaiii  Model. 


(■  nu.tiel  must  be  defined  and  expressed  in  terms  of  a  SEMOD  'litigram.  It  is  not  necessaiy  to 
entire  vdiitde.  In  fact  it  is  sometimes  helpful  to  predict  the  responses  of  a  part  of  the  vehicle 


ale  the  predictions  before  adding  another  part.  This  example  is  for  the  DA’  inlerstage  The 


cot 


ifignration  details  tind  the  associated  SEMOD  diagram  tire  shown  in  Fiftiire  5. 


91.5" 

Ditiineter 


8.9"  Spacing 


5 


] 

1 

EXTA 

2 

INS'! 

2 

INTA 

'IX'pe  1 

Type  4 

TX’pe  1 

EhXAME 

EXTA  =  Acoustic  Test  Cell 
INST  =  Interstage  Cylinder 
INT.A  =  Interstage  Cavity 
"ATHXAME 

EXTA.  IXSr,  Connection  'IVpe  2 
l.NSr.  INTA.  Connection  Type  2 
i'lXTA,  INST.  INTA  Connection  Type  5 


Pip.  5  D  A’  Interstage  tmd  SEMOD  Dltipiam 


.ilt'ui  rhilf 

The  intersicii^e  (I\ST)  described  in  Figisre  5  is  a  cylindrical  shell  consisting  of  a  skin. 
h-i a,' hwise  siil'eners  and  ring  stilleners.  Tliis  configuration  must  be  rednced  to  an  equivalent  plate  for 
S!'\!()I)  illicit.  The  \’APKPS  r-oninuind,  RU\'-EQPI.,  is  used  to  detemiine  the  equivalent  plate.  Figure  6 
.--i  r.is  the  interstage  structure  details  for  input  to  RUN=EQPL.  Table  2  shows  the  RU\=EQPL 
ei.iiiiiiand  procedr.re  file.  Annotations  are  [trovided  on  the  file  to  help  the  reader  understand  the 
pr;H  (  i'i”.re.  Table  h  pjresento  tlie  output  file.  EQPL  Ol.lT.  The  boxed  numbers  on  Table  3  are  inputs  to 
sEMOI) 


St  iffener 


HK- 


■y_ 


©L 

- 1.8'  ►! 


)  =  Lcngiliwi.se  beant  1 
1=  Lx'ngthwise  beam  2 
I"  U-ngthwise  beam  3 


Fig.  6  Interstage  Structure  Details 


r  ibU-  2  R!  2N  -  RUi'L  (.''oiiuiuuul  File 


!  s  ASS!R\  ;■ 
i  s:.;;'\\’Ai- 
I  !<:  N  IFJF 


()i-l  OlTFOROOti  1  Assign  output  file  name 
r  F'nti^r  i/zippp*; 


.  -1,  Fisr 


i'lA  lOtF'lF 
j  [Ail  )R=  2.bFE  -! 

I  f:  -2,(,)1F5 

I  I.'OXK 

;  H-.-.OAei 
1  CIAN-.OIS 
K  iO,6E6 
RllO  ^  2.59E-5 
LjOXH 
; .08 
{  FN  =  .0~‘^ 

F.  -  10.6F6 
Hi  K)  =  2, 5aE-) 

.81 
R(  )XF 
'-i  -  l.H 

c'::.\=  .086 
F  1 0.6EG 
RHO  2.59f':-4 
W  ,08 
D(F\E 
}  f  =  .08 
FFN  1,8 
F  =  lo.ei-X) 

RI !()  2..50F-4 

Wz:  .81 
ROM-: 

KX:  4 

FRJN'D  4.  EQF’..,  INST 

4 

Pack  28 
FN'D 

SIAKKR  FgPL.(;RT 
SDFA.SSinX  FOR006 
!  $Mxn- 


Enter  V.IPEPS 
Run  equivalent  plate 


Enter  general  parameters 


V  Enter  skin  parameters  (s^ 


Enter  beam  parameters 


E>nterbeam  parameters 


Enter  beam  parameters 


Display  Table  of  Contents  DAL  4 
Print  equivalent  plate  file 

^  Fuck  DAL  files 

Exit  VAPEPS 
Print  output  file 

Ebcit  comman't  Etie 


o  o  o  o 


;i:)i ;l  /Sl-rvU ). i  Ivxi-cnU' 

'.ilili-  i  prcsfiiis  ti;f  jjro;  fdiirv-  hit-  used  to  input  to  Sii.MOI)  und  lo  cx'.TUt''  i 

s  snnot.ite^!  to  nsss,!  die  render. 


ruble  !  SKMOI)  ( 'oinnuniil  File  irniFCOM 


d  ASSKiX  U  !X)1  Ot  T  FOi-tdiHS 
S  Rr.\  V.'VT’FFS 

si-:.\i(jD  b.  ij'ixd 

TFXT 

MOF'lL  DTOl 

Fl.KMFNTS  KX'l'A,  IXST.  IXTA 
FXTA  !b  FXC  ITATIOX 
FKFgFFXCA'  RVXGF  50  !iZ  TO  2. (XX.)  HZ 
MOOFL  lA'  CLARK  HF'CK 
djATF  07/2()/;sd 

zzzz 

Li  XAML 
FXTA.  1 

DFSCRiiL'-ACCjCSTIC-ThAT-CFI.F 

RilO-1.15F-7 

cc):.!.:^-:.) 

V0LI,:ML=  1 .3bL7 
a;L2  8ITt 
AAfAeO I 
LONL 
IXTA.  1 

I )  L  s  c  R 1  r  1 A I  ri  V  - 1  xtp:  r  stag  i-:  ■  \'o  r  c  m  i-: 

RHO=F15L-7 
C  0=1,341:4 
Ar-2,  13L4 
ACC.A.O  1 
DOXK 
fXST,  4 

F/l.SCRlR!  =I)'1A'  IXTFRS'I  A(.:F,-S  rRlJC'n.:Rr-: 

Rli()=3  48  IF -,5 

(:!.=2.0]F5 

I  1  =  .4G65 

AF’  Rbl'  F  t 

n,L=74. 

ALX=  1  7 
AiAAX.C 
L=') ; 

I  )Fr -  Id 
L-  1 .40^Tt-. 

IXATA-  2  5  0 
id  KbS-')  32  IF  f. 

ASMS  =  (i 
F( 1  A  tivi 
!4\-(  n  F-tg  -5()0 
[jOXL 
;  F  )-,r; 


Assign  output  file  name 
Run  VAPEPS 
Run  SEMOD 


j-  Comments 

J 


Enter  ELNAME 

X 


r  Describe  EXTA 


J 

X 


^  Describe  INTA 


X 


r  Describe  INST 


J 


Exit  ELNAME 


i-;M(  )L. 


fContinucd) 


Table  4  (Continued)  SFCMOD  Command  File  D'roi.COM 


PATHNAME 
EXTA,  INST.  2 
DONE 

INTA.  INST.  2 
DONE 

EXTA,  INST,  INTA,  5 
DONE 
DONE 

SCTEXC  EXTA 
FREQUENCY  50  , 2000. 

EXCITATION 

126.8,  130,9,  131.5,  132.5.  132.0,  133.4 
132.0,  132.9.  134,5,  135.4,  133,0,  133.3 
133,3,  132,5.  131.2,  130.3,  128.9 
MDENS 
ATACALC 
ATACO 
CFAC  7,  1,  4 
TPRD 
POUTIR 
DONE 

RUN=OVER  5.  RESP.  DTOl  5.  OA.  DTOl 

RUN=OVER  5.  RESP.  DTOl  5,  GRMS  DTOl  50. .2000 

l^RI.ND  5,  TEXT,  DTOl 

PRI.ND  5.  MNAM,  DTOl 

SEMOD  5,  DTOl 

LIST  RESP 

ELNAME 

LIST 

DONE 

PATH  NAM  E 
LIST 
DONE 
LIST  PCRF 
LIST  ATA 
Id  ST  CRIT 
LIST  DENS 
LIST  RING 
DONE 

PFdND  5.  OA.  DTOl 
PRINT)  5,  GRMS.  DTOl 
PACK  5 
'RX:  5 
END 

SIASER  DTOl  .OUT 
SLASEf?  DTO 1  ,CO.M 
SDIOASSIGN  FOR006 
SExrr 


3 

3 


J 


} 

} 

4 


J 


_  I 

Enter  PATHNAME 
Describe  path  1 
Describe  path  2 

Describe  path  3 
Exit  PATHNAME 

Make  EXTA  the 
excitation  element  and  enter 
1/3  octave  band  levels 
(See  Table  I) 

Calculate  modal  density 
Calculate  lossjactors 
Calculate  coupling  factors 
Define  engineering  units 
Predict  responses 
Calculate  power  flow 
Exit  SEMOD 
Calculate  overall  SPL 
Calculate  overall  grms 

Print  text  and  element  names 
Enter  SEMOD 


Print  responses, 
element  names, 
pathnames, 
powerflows, 
lossfactors, 
critical  frequencies, 
modal  density, 
ring  frequencies 


Exit  SEMOD 
Print  overall  SET, 
print  overall  grms 
Pack  DAL  5 

Print  Table  of  Contents 
Exit  VAPEPS 
Print  output  file 
print  comand file 

Exit  command  Jile 


iD  Ontpul 

I'hr  !Mrnni<iiKi  ptncfilun,-  lik-  shouii  in  i'nble  ‘1  creates  an  oiiipul  I'ile.  D'FOI  OLT.  'rhe  onipiil  liic 
staves  as  d'K  LimentatKiP.  tnr  tlu-  pn-diet ion.  An  edited  eer.sinii  of  the  output  file  for  this  exaii.p'e  is 
i.  niaa'.fd  in  the  Appendix.  The  SKMiJD  Teret  lile  has  been  included  to  jtrovide  a  siiininarv  deseriptnai. 
i  lie  excitations  and  responses  of  the  model  elements  {RKSl’l  are  printed  out  to  provide  a  tabulation  of 
;re!j;iene\-  and  level  The  overall  sound  pressure  level  and  overall  grms  levels  are  printed  nut  In  files 
'  i.\  ,ni.'.i  GRMS.  These  files  are  created  by  usintt  the  X'AI'KPS  command  RUN  =  OVf:R.  'fhe  TATlI.'xAMh 
a.ii.l  i:.L,\AME  desc  riptions  are  shown  Five  other  SIvMf)!)  files  are  Included  in  the  output  to  assist  iti 
e'.  .ili.ation  of  the  model:  power  flow  in  each  path  (I’CT'd-'l;  damping;  and  coupiinp,  loss  (ac  tors  (.VfAJ: 

I  riiii'ed  Irectuency  (CRl'!']:  modal  densities  (DEN’S);  rina  frequencies  (RING).  The  tinal  lislinp  in  tlie 
‘■i.epnt  ‘de  is  the  table  ol  contends  of  ihe  v'Al'EI’S  DAI.,  file  created  durint!,  the  execution  of  SE.MOD. 

Nh  de!  Revisiori 

SEMOD  models  c<in  be  easily  revised  and  executed.  This  makes  the  program  ideal  lor 
prehniinarv  design.  The  use  of  a  command  proi  edure  flic  mtikes  revision  easy.  SEMOD  execution  and 
'fata  printout  time  for  the  analyses  jtresented  in  this  paper  required  less  than  five  minutes  per 
configu  ration. 

HINT,  f-'.xecute  the  VAPETS  commtinds  and  SEMOD  Interactively  to  become  familiar  with,  the 
[ircgr  im  and  the  command  procedures.  When  you  are  familiar  with  how  the  program  executes,  then 
use  tile  command  procedure  files  to  expedite  analysis. 

r  O  X  K I G  U  R  ATI  ox  S  AX  ALYZE  D 

Seven  IDS  D'lV  c oniigtira! ions  were  analyzed,  'fhe  conl'igurations  are  described  in  T.ible  5. 

ITe  interstage  model  DlTfl  is  described  in  the  extimple  prediction.  Model  numbers  DTfl)2.  D!T),;i 
rind  D  rid  are  the  same  as  DTril  except  for  the  damping  (DLF)  and  mass  loading  (ASMS’  Fignrr  ,b  is  the 
SFMt  JD  ilagr  -m  lor  DTOl .  DTO2.  DTO.3  and  DT!.'',. 

Mm  del  numbers  !)T0}  and  D'I'ri.h  re])re.sent  the  full  IDS  D'lV.  DTO-I  represc'nlo  !:ie  Ii:’  .-..'I; 
■  a  .i'ied  slMic  lurs  while  Ijlfid  tind  Ijrio  represent  loaded  structure.  Figure  7  is  the  SFMi  )i.i  !;  ii.e.ini 
e  .  1  ri  D  i .  1  j  I  0:>  and  DT  i  d 


Table  5  Configurations  Analyzed 


Model 

Number 

Acoustic 

Element 

Vibration 

Element 

Damping 

(DLF) 

Mass 

(ASMS) 

DTOl 

EXTA 

INST 

.01 

0 

INTA 

DT02 

EXTA 

INST 

.10 

0 

INTA 

DTO3 

EXTA 

INST 

.01 

13.7 

INTA 

D-I04 

EXTA 

INST 

.01 

0 

INTA 

ESSB 

.01 

0 

INES 

ESSC 

.01 

0 

SRM2 

.10 

15.5 

DT05 

EXTA 

INST 

.01 

13.7 

INTA 

ESSB 

.01 

1.3 

INES 

ESSC 

.01 

13.7 

SRM2 

.10 

15.5 

DTI  3 

EXTA 

INST 

.01 

1.3 

INTA 

DTI  5 

EXTA 

INST 

.01 

1.3 

INTA 

ESSB 

.01 

1.3 

INES 

ESSC 

.01 

1.3 

SRM2 

.10 

15.5 

'r,>ble  6  contains  a  description  of  Model  DT04  eleineiU  names  and  path  names.  Model  DT05 
and  D'FIS  are  the  same  as  DTO4  except  for  DI.F  values  and  ASMS  values  as  listed  in  Table  5. 


Table  6  DTO  l  De.scrlptlon 


EXT  A  'IX'pe  1 

nescri[)Uoii  -  .loousiic  lest  cell 

ITIO  =  1.15()E-7 

CO  =  1 .340E4 

Volume  =  1.33E7 

.VP  =  2.SF.4 

AAC  =  .0 1 

I.\TA  TvTte  1 

Description  =  DT\' 

interstage  vc. 

in  me 

RfiO-  1.150E-7 

CO=  1.3-40F^ 

Volume  =  3.40E5 

AP  =  2.13E4 

AiVC  =  .01 

LXST  T^Tie  4 

Description  =  DTV  Interstage  structure 

RHO  =  3.481E-5 

CL  =  2.01E5 

H  =  .4965 

AP  =  2.13E4 

BL  =  74. 

ALX  =  17. 

ALY  =  8.9 

D  =  91.5 

DLF  -  .01 

E=  1.60E7 

PATA  =  25.9 

RHOS  =  9.32E-6 

ASMS  =  0. 

CO  =  1 .34E4 

PrV'OTFRQ  =  300. 

ESSB  Type  6 

Description  =  DTV  ESS  beam 

RflO  =  2.59E04 

CL  =  2.0E5 

ASMS  =  0 

DLF  =  .01 

CNT  =  32 

BL=  17. 

B=  1. 

n  =  .71 

E  =  10.6E6 

G  =  4E6 

ESSC  T>pe  5 

Description  =  DTV  ESS  cone 

RHO  =  8.49E-5 

CL  =  2.0E5 

H=  .143 

AP  =  8.64E3 

BL  =  26. 

ALX  =  27.4 

ALY=  10.1 

D=  109. 

DLF=  .01 

E=  1.06E7 

PATA  =  37.5 

BETA=  18.6 

RHOS  =  8.29E-6 

ASMS  =  0. 

CO=  1.34E4 

PfVOTFRQ  =  300. 

INESType  1 

Description  -  DT’v' 

ESS  volume 

RHO=  1.15E7 

CO=  1.34E4 

AP  =  8.64E3 

AAC  =  .0’ 

Volume  =  1 .58E5 

SRM  T^Te  4 

Description  =  DTV  second  stage  motor 

RHO  =  2.60E-4 

cl  =  2.oe:5 

H  =  .40 

D  =  63. 

BL  =  40. 

ALX  =  6.2 

ALY  :::  40. 

RHOS  =  l.E-4 

DLF  =  .01 

E=  1.06E7 

PATA  =  46.2 

AS.MS  =  15.5 

C0=  1.3^1E4 

AP  =  7.9E3 

FRED ICTIOX /TEST  COM PAI^ISOX S 


Interstage  Model 

Figure  8  shows  comparisons  of  the  predicted  noise  spectra  inside  the  interstage  (INTA)  with  an 
internal  noise  measurement  from  the  lUS  DTV.  Predicted  noise  spectra  are  shown  for  two  damping 
values  (DLF  =  .01  and  .10).  The  higher  damping  lowers  the  noise  level  3  db.  Mass  loading  of  the 
interstage  did  not  change  the  internal  noise  level. 


Fig.  8  Prediction/Test  Comparison 
Interstage  Internal  Noise 
Damping  Effect 


61 


Figure  9  presents  the  predicted  Interstage  vibration  for  unloaded  structure  (ASMS  =  0.) 
Predictions  are  shov-Ti  for  two  damping  values.  DLF  =  .01  and  ,10.  The  predictions  are  compared  with 
an  envelope  of  5  DTV’  vibration  measurements. 


FREQUENCY  -  HERTZ 


Fig,  9  Predict  on/Test  Comparison, 
Interstage  Vibration. 
Damping  Effect 


P'igiire  10  is  a  comparison  of  predicted  vibration  spectra  for  mass  loaded  structure  (ASMS  =1.3 
and  13.71  with  an  envelope  of  3  vibration  speclia  ironi  lUS  DTV'  loaded  structure.  The  mass  loading 
value  I'u.s  the  units  of  Ibs-sec-^/in.  Tvvo  values  of  mass  loading  were  evaluated  because  the  exact  mass 
loading  of  the  structure  cannot  be  accurately  included  in  SEMOD.  The  masses  on  the  DTV  are  groups  of 
batteries.  The  mass  loading  In  SEMOD  is  one  entry.  ASMS,  for  the  element.  INST. 


IKST  DT13 
ClF  =  .01 
aStiSri .  2 
Z5.S  GRes 


US  DTU 
nfiSS  LOAD 
;i.4  GRMS 


.21  i 


V  1  /  e 


I SS '  DT0.i 
DiF--.Si 
ASrSdS."’ 
3.9  GRnS 


\ 


.00'. 


'.0 


100  1200 
FREQUENCY  -  HERTZ 


10000 


Fig.  10  Predict lon/Test  Comparison. 
Interstage  Vibration. 

Mass  Ixaad  Effect 


170 


FiL^vire  1  1  is  a  predit'Uon  of  llu-  intcrsiage  Intfrnal  noise  for  ihc  DTi) }  model.  'I'he  prediction  is 
•  imp. ’.red  with  an  interstate  internal  noise  nieasiircmenl  from  the  D’R'. 


'.ee  13200 

IOnTER  FREOJEnOv  -  HERTZ 


Fit.  1  ^  Predirtinn/Test  Comparison 

If } i I f 1 

r.)'r04  Model 


Figure  12  contains  a  comparison  of  the  DTV  interstage  vibration  response  with  the  prediction 
from  the  DT04  model.  The  DT vibration  spectrum  is  the  envelope  of  5  vibration  spectra. 


FREQUENCY  -  HERTZ 


Fig.  12  Prediction/Test  Comparison. 
Interstage  Vibration, 

No  Mass  Load 


Figure  13  shows  an  envelope  of  3  v'ibrallon  spectra  frorr'.  DIA'  mass  loaded  interstage  structure. 
The  structure  was  mass  loaded  by  a  group  of  batteries.  The  SEMOD  predictions  are  shown  for  2  values 
of  ASMS,  13.7  and  1.3. 


FREOUENCV  -  HERT2 


Fig  1.3  Frediction/Test  Comi)arison, 
Interstage  Vibration. 

Mass  Ixjad  Ellect 


Figure  14  compares  the  DTV  unloaded  equipment  support  section  deck  vibration  response  with 
the  SEMOD  prediction.  The  DIV  vibration  spectra  is  the  envelope  of  42  vibration  measurements. 


I US  DTU 

NO  nfiss 

35.4  BRMS 


•ESSB  DT04 
0LF=.B1 

fisns=0. 

29.1  GRnS 


FREOu’ENCV  -  HERTZ 


Prediction/Test  Comparison. 
ESS  Deck  Vibration, 

No  Mass  Load 


174 


Fimire  15  t  nnlains  a  comparison  ol' the  SP^MOD  prediction  and  the  D'lV  envelope  of  vibration 
siiectra  from  the  ESS  luaiKil  tlec'k. 


nj 

fj 


L'2 


U.J 

a. 

1 

CJ 


W- 

- 


102 


1000 


‘PEOUEM'V  “  HEPT2 


10000 


Vi0^.  15  Prediriion/Tcst  Cornpjirison. 
KSS  Deck  Vibralion. 

Mass  Load 


1  /5 


■'iiisrt;  16  shows  vibration  spectra  for  unloaded  ESS  con 
\  I  lope  of  3  vibration  measurements. 


100  1000 
FPEOUENCY  -  HERTZ 


Eii^,  16  Prediction/Test  Comparison, 
ESS  Cone  Vibration, 

No  Mass  Ixjad 


Fitli'.rt'  17  stx\  ir.t  fur  f'-ridi-d  MSS  i-nnic  sliiu'iiiri-.  I'rrdirtioiis  iiyt‘  slunvu  f'jr 

iliu  s  of  !r.,iss  loouif..,:.  ASMS  -  1  un.d  IS. 7.  Thr  [irociici ions  '.vcn-  UKici'.'  fior  2  mass  loading  values 
m.ise  i!if  ex, o  '  m.iss  le.e.aaio  lor  i:;e  structure  eaauiot  be  arcuratelv  i'K'lnded  iu  SM.MOIX  The  masses 
the  MSS  1  oi'.e  are  eoiKenii  ivei  K.iad.s  in  ihe  'erm  of  a-'-ouies  paeka.^es  at'aehed  to  the  sltell 
auiar  iut  ae  ais  ■  he  mass  ieiaciin^  in  SMaT);),  ASMS,  is  one  t-iUiy  loi  uie  etiiire  si  riietnre. 


Figure  18  compares  the  predicted  vibration  response  of  the  second  stage  solid  rocket  motor  to 
the  measured  vibration  response  from  a  single  DTV  motor  measurement.  The  DTV  motor 
measurement  was  made  in  a  direction  normal  to  the  motor  surface. 


FPE3UENCY  -  HERTZ 


Fig.  18  Predlctlon/Test  Comparison, 
Solid  Rocket  Motor  Vibration, 
Model  DT04 


COXCLL’SIOXS 


\'Ai’Ei’S  SEMOI)  prcn icJfd  rea^^onable  noise  and  vibralion  preciictions  for  the  IL'S  vehit  le 
:\i  Ir.'fjiiciu  ies  ifreaU-r  than  100  H/. 

'.■At'n!'r5  SI'AIOD  is  a  useful  noist'  and  vibration  prediction  tool,  SE\’(,)1.)  is  particularly  useful 
in  paeinniiiaiy  design  applications.  Desif^n  concepts  can  be  modeled  easily  ;ind  prediction  results  can 
!)e  obtained  fiiiickl'.-,  TIk'  predictor  is  ;dso  useful  for  solvint>  noise  and  vibration  problems.  A  ttiodel 
ran  be  defined  to  simulate  the  problem  and  proposed  solutions  can  be  evaluated  quickly. 


RECOMMEN’DATIOXS 

Computer  command  files  should  be  used  for  model  definition  and  SEMOD  e.xecnlinn.  The 
romniand  files  can  be  edited  and  e.xecuted  to  provide  a  large  number  of  estimates  in  a  short  time. 

An  at  tomated  plot  routine  should  be  set  up  in  the  command  file.  Prediction  evaluation  is 
enhanced  by  tne  use  of  plotted  vibralion  and  noise  spectra. 

REFERE.XCE 

A'olumc  11:  VAPEPS  User's  ManutiP,  June  1987.  This  manual  and  the  VAPEPS  computer  ]jrogram  is 
awiilable  from: 

VAI'EPS  DBMC 
Jet  Propulsion  Laboratory 
Mail  Stop  301-456 
4800  Oak  Grove  Drive 
Pasedena.  CA  91 109 


APPENDIX 

OUTPUT  FILE  FOR  MODEL  DTOl,  DTOl.OUT 


VAP5.2  1- 

07  27/68 

-13 ; 55 ;20 

134400 

Creating 

new  model  DTOl 

1 

MODEL 

DTOl 

2 

ELEMENTS  EXTA.INST 

,  INTA 

3 

EXTA 

IS  EXCITATION 

4 

FREQUENCY  RANGE  50 

HZ  TO  2000  HZ 

5 

MODEL 

BY  CLARK  BECK 

6 

DATE 

07/  20 '88 

Excitations  and 

responses  for 

model  DTOl 

Frequency 

EXTA 

INTA 

INST 

Hertz 

dB 

dB 

G"  *2/Hz 

50.0 

126.8 

118.9 

3. 1142E-01 

63 . 0 

130.9 

124. 1 

8 . 1673E-01 

80.0 

131 . 5 

125.6 

1 . 0344E+00 

100.0 

132 . 5 

127.4 

1 . 5230E+00 

125 . 0 

132 . 0 

127.6 

1 .4283E+00 

160.0 

133 . 4 

129.7 

1 . 8797E+00 

200.0 

132 . 0 

128.8 

1 . 6159E+00 

250.0 

132 . 9 

130.2 

2. 0171E+00 

315 . 0 

134.5 

132.3 

2 . 8146E+00 

400 . 0 

135.4 

133  6 

3.7847EI00 

500 . 0 

133.0 

131 . 5 

2. 5512E+00 

630.0 

133.3 

132.3 

3. 2541E+00 

800 . 0 

133 . 3 

132 . 3 

2. 5534E+00 

1000.0 

132.5 

132.2 

1 . 6388E+00 

1250 . 0 

131 . 2 

130.7 

9.4145E-01 

1600 . 0 

130.3 

129.4 

4. 8063E-01 

2000.0 

128 . 9 

127.5 

2.937-  1 

OVERALL 

SPL 

EXTA 

1 . 4473E+  02 

INTA 

1 .4246E^02 

OVERALL  GRMS 

INST  5.6411E+C1 


;  Ml) 


Description  of  elements,  ELNAME 

EXTA 

DESCRIPT 

=ACOUSTIC-TEST-CELL 

TYPE 

1 

RHO 

-  1.150E-07  CO  =  1.340E+04 

VOLUME  = 

1 . 330E+07 

AP 

=  2.600E+04 

AAC 

=  l.OOOE-02 

INTA 

DESCRIPT 

=DTV- INTERSTAGE -VOLUME 

TYPE 

1 

RHO 

=  1.150E-07  CO  =  1.340E+04 

VOLUME  = 

3.400E-^05 

AF 

=  2 . 130E-04 

AAC 

=  1 . OOOE  02 

INST 

DESCRIPT 

=DTV -INTERSTAGE- STRUCTURE 

TYPE 

-  4 

RHO 

-  3,481E-05  CL  =  2.010E+05 

H 

4.965E-01 

AP 

2. 130Et04 

BL 

=  7.400E^01  ALX  =  1.700E+01 

ALY 

8 . 900E-^00 

D 

9 . ISOE^Ol 

DLF 

-  l.OOOE-02  E  =  1.060E+07 

PATA 

2 . 590E+01 

RHOS 

9. 32E-06 

ASMS 

=  O.OOOE-OO  CO  =  1.340E+04 

PIVOTFRQ^ 

3 . 000E-f02 

OK 

Description  of  paths ,  PATHNAME 


EXTA  INST 

TYPE  =  2 

INTA  INST 

TYPE  -  2 

EXTA  INST  INTA 

TYPE  5 

OK 


lil 


Percent  power  flow  per  path  for  element  INTA 


in  model  DTOl 


Frequencjv 

INTA 

INTA 

INST 

EXTA 

INTA 

Herts 

INTA 

INST 

INTA 

INST 

INST 

INTA 

EXTA 

50.0 

-3.20% 

-93.59% 

80.41% 

19.59% 

-3.21% 

G3.0 

-3.46% 

-91 . 73% 

7^  96% 

23.02% 

-4.78% 

80 . 0 

-3 . 78% 

-89.64% 

74 . 67% 

25.33% 

-6.58% 

100 . 0 

-  4 . 07% 

-87.76% 

73 . 76% 

26.24% 

-8. 18% 

125.0 

-4 . 36% 

-86. 11% 

73 . 94% 

26 . 06% 

-9.52% 

160.0 

-4.69% 

-84.72% 

75 . 13% 

24.87% 

-10.59% 

200.0 

-4.97% 

-83.92% 

76.91% 

23 . 09% 

-11 . 11% 

250.0 

-5 . 19% 

-83.65% 

79.25% 

20.75% 

-11 . 16% 

315 . 0 

-5 . 27% 

-84. 13% 

82.31% 

17.69% 

-10.60% 

400.0 

-4.95% 

-85 . 96% 

86 . 22% 

13.78% 

-9.09% 

500.0 

-4.67% 

-87.69% 

89. 17% 

10.83% 

-7.64% 

630.0 

-3 . 04% 

-92.82% 

94.80% 

5 . 20% 

-4.14% 

600.0 

-4.52% 

-84.89% 

86.69% 

13.31% 

-10. 59% 

1000. 0 

-1 . 83% 

-95.20% 

96.80% 

3.20% 

-2.97% 

1250.0 

-3 . 80% 

-91 . 94% 

95 . 21% 

4 . 79% 

-4.26% 

1600.0 

-8 . 31% 

-85.55% 

92.42% 

7.58% 

-6.13% 

2000 . 0 

-14.09% 

-78 . 83% 

90.21% 

9.79% 

-7.09% 

Percent  power 

flow  per  path  for  element  INST 

in  model  DTOl 

Frequency 

INST 

EXTA 

INST 

INTA 

INST 

Herts 

INST 

INST 

EXTA 

INST 

INTA 

50 . 0 

-75 . 82% 

85 . 93% 

63.0 

-71 . 13% 

82.79% 

80.0 

-65 . 67% 

79.59% 

100.0 

-60.07% 

76 . 24% 

125 . 0 

-54 . 05% 

73.24% 

160.0 

-47 . 03% 

70. 14% 

200.0 

-40 . 46% 

67.52% 

250.0 

-33 . 76% 

65.04% 

315 . 0 

-26 . 66% 

62.52% 

400.0 

-^0 . 27% 

60.25% 

500.0 

-15 . 83% 

58.62% 

630.0 

-9.47% 

55 . 68% 

800.0 

-9.47% 

55 . 68% 

1000.0 

-2 . 04% 

51.83% 

1250 . 0 

-2.53% 

52 . 94% 

1600 . 0 

-3 . 40% 

55 . 29% 

2000 . 0 

-  3 . 89% 

58 . 01% 

-12 . 09% 

14.07% 

-12.09% 

-14.44% 

17.21% 

-14.44% 

-17 . 17% 

20.61% 

-17. 17% 

-19.97% 

23.76% 

-19.97% 

-22 . 97% 

26.76% 

-22.97% 

-26.49% 

29.86% 

-26.49% 

-29.77% 

32.46% 

-29.77% 

-33. 12% 

34 . 96% 

-33.12% 

-36.67% 

37.48% 

-36.67% 

-39.87% 

39.75% 

-39.87% 

-42.08% 

41 . 38% 

-42.08% 

-45 . 26% 

44.32% 

-45.26% 

-45 . 26% 

44.32% 

-45 . 26% 

-48 . 98% 

48 . 17% 

-48.98% 

-46.74% 

47.06% 

-48 . 74% 

-48 . 30% 

44.71% 

-48.30% 

-48 . 05% 

41 . 99% 

-48 . 05% 

18.' 


Dan'pinn  and  Cnuplinn  Loss 


Factors  for  Model  DTOl 


EXTA 

INTA 

INST 

EXTA 

INST 

EXTA 

INTA 

INST 

INST 

EXTA 

Frequency 

Hertz 


50 . 0 
63 . 0 
80.0 
100.0 
125 . 0 
160 . 0 
200.0 
250 . 0 
315.0 
400 . 0 
500  .  C 
630 . 0 
800 . 0 
1000.0 
1250 . 0 
1600 . 0 
2000.0 


Frequency 

Hertz 


50 . 0 
63.0 
80 . 0 
100 . 0 
125 . 0 
160.0 
200.0 
250 . 0 
315 . 0 
400 . 0 
500 . 0 
630 . 0 
800.0 
1000 . 0 
1250 . 0 
1600 . 0 
2000 . 0 


2 . 2452E-04 
1 . 7819E -04 
1 . 4032E-04 
1 . 1226E-Q4 
8 . 9807E-05 
7. 016 IE  0.5 
5 . 6 1 29E  05 
4.4903E- 05 
3 . 5638E- 05 
2 . 8065E-05 
2 . 2452E-05 
1 . 7819E-05 
1 . 4032E-05 
1 . 1226E-05 
8 . 9807E-06 
7 . 0161E-06 
5 . 6129E-06 


INTA 

INST 


1 . 9547E-01 
1 . 3965E  01 
9. 8971E-02 
7 . 2046E  -02 
5 . 2736E-02 
3 . 7693E-02 
2 . 8189E-02 
2 . 1519E-02 
1 . 6930E-02 
1 .4511E-02 
1 . 2550E-02 
1 . 6169E  -02 
7 . 6477E-03 
1 . 7387E- 02 
6 . 4648E-03 
2 . 1482E-03 
9 . 3465E  -04 


6.6810E~03 
5. 3024E-03 
4. 1756E-03 
3. 3405E-03 
2.6724E-03 
2 . 0878E-03 
1 .6703E~03 
1 . 3362E-03 
1 . 0605E  -03 
8 . 3513E-04 
6.6cl0E-04 
5 . 3024E-04 
4 . 1756E-04 
3 . 3405E  04 
2 . 6724E-04 
2. 0678E-04 
1 .6703E-04 


INST 

INTA 


9. 5661E-03 
9. 6661E-03 
9. 8026E-03 
9. 9726E-03 
1 . 0202E-02 
1 . 0559E-02 
1 . 1036E-02 
1 . 1774E-02 
1 . 3101E-02 
1 .4754E-02 
1 . 5950E-02 
2. 2756E-02 
1 . 7920E-02 
7. 1925E-02 
4.6317E-02 
2.6669E-02 
1 . 8526E-02 


6.0000E-02 
4.7619E-02 
3.7500E-02 
3.0000E-02 
2 . 4000E-02 
1 . 8750E-02 
1 . 5000E-02 
1 . 2000E~02 
9. 5238E-03 
7 . 5000E-03 
6. OOOOE-03 
4.7619E-03 
3 . 7500E-03 
3.0000E-03 
2.4000E-03 
1 . 8750E-03 
1 . 5000E-03 


EXTA 

INST 

INTA 

1 . 7128E-04 
1 . 8619E-04 
1 . 8559E-04 
1 . 7158E-04 
1 .4908E-04 
1 . 2043E-04 
9. 5372E-05 
7.3360E-05 
5.4557E-05 
3. 9216E  -05 
2 . 7964E-05 
1 . 8417E-05 
2 . 5036E-05 
1 . 3887E-05 
7 . 6548E-06 
3. 9368E  -06 
2. 1480E-06 


4. 9970E-03 
3. 5700E-03 
2 . 5301E-03 
1 . 8418E-03 
1 . 3481E-03 
9.6358E-04 
7 . 2063E-04 
5 . 5011E-04 
4. 3279E-04 
3. 7095E-04 
3. 2083E-04 
4. 1335E-04 
2 . 0062E-04 
4 . 4446E  -04 
1 . 6527E-04 
5 .4916E-05 
2 . 3e93E-05 


INTA 

INST 

EXTA 

6.700CE  03 
7 . 2e34E-03 
7 . 2598E-03 
6 . 711GE-03 
5 . 8316E  03 
4.7108E  03 
3.7307E-03 
2 . 8697E-03 
2 . 1342E-03 
1 . 5340E-03 
1 . 0939E- 03 
7 . 2042E-04 
9. 7936E-04 
5 .4321E-04 
2 . 9944E-04 
1 . ^lOQE-04 
8 . 4026E-05 


9. 5661E-03 
9.6661E-03 
9. 8026E-03 
9. 9726E- 03 
1 . 0202E-02 
1 . 0559E-02 
1 . 1036E-02 
1 . 1774E-02 
1 . 3101E-02 
1 .4754E-02 
1 . 5950E-02 
2.2756E-02 
1 . 7920E-02 
7. 1925E-02 
4 . 6317E-02 
2.6669E-02 
1 . 8526E  -02 


I 


Critcal  frequencies  for  model  DTOl 


Frequency 

EXTA 

I  NT  A 

Hertz 

INST 

INST 

50 . 0 

9. 9198E+02 

9. 9198E+02 

63 . 0 

9. 9198E+02 

9. 9198E+02 

80 . 0 

9. 9198E+02 

9. 9198E+02 

100.0 

9. 9198E  +  02 

9. 9198E+02 

125 . 0 

9. 9198E  +  02 

9. 9198E+02 

160.0 

9 . 9198E  +  02 

9. 9198E+02 

200.0 

9. 9198E  +  02 

9. 9198E+02 

250 . 0 

9. 9198E  +  02 

9. 9198E+02 

315 . 0 

9 . 9198E+02 

9. 9198E+02 

400.0 

9. 9198E+02 

9 . 9198E+02 

500.0 

9 . 9198E+n2 

9. 9198E+02 

630 . 0 

9. 9198E+02 

9. 9198E+02 

800.0 

9. 9198E+02 

9. 9198E+02 

1000.0 

9. 9198E+02 

9. 9198E+02 

1250.0 

9. 9198E+02 

9. 9198E+02 

1600.0 

9 . 9198E+02 

9. 9198E+02 

2000 . 0 

9. 9198E+02 

9. 9198E+02 

Modal  densities  for  model  DTOl 

Frequency 

EXTA 

INTA  INST 

Hertz 

50.0 

1 . 7366E-01 

4.4393E-03  9.0711E-02 

63 . 0 

2 . 7570E-01 

7.0478E-03  1.0182E-01 

80.0 

4 . 4456E-01 

1.1365E-02  1.1474E  01 

100 . 0 

6 . 9462E- 01 

1.7757E-02  1.2829E-01 

125.0 

1 . 0853E-00 

2.7746E-02  1.4343E-01 

160 . 0 

1 . 7782E^00 

4.5459E-02  1.6227E-01 

200 . 0 

2 . 7785E+00 

7.1029E-02  1.8142E-01 

250 . 0 

4 . 3414E+00 

1.1098E-01  2.0264E-01 

315 . 0 

6 . 8924E-00 

1.7620E-01  2.2768E-01 

400 . 0 

1 . 1114E-01 

2.8412E-01  2.7943E-'01 

500 . 0 

1 . 7366E+01 

4.4393E-01  3.4929E-01 

630 . 0 

2 . 7570E-01 

7.0478E-01  5.0079E-01 

800 . 0 

4 . 4456E-01 

1.1365E+00  4.9769E-01 

1000 . 0 

6 . 9462E^01 

1.7757E+00  4.2926E-01 

1250.0 

1 . 0853Ef02 

2.7746E+00  3.8726E-01 

1600 . 0 

1 . 7782E+02 

4.5459E+00  3.6617E-01 

2000 . 0 

2 . 7785E+02 

7.1029E+00  3.5835E-01 

18A 


Ring  frequencies  for  model  DTOl 


Frequency 

Hertz 

50 . 0 
63.0 
80.0 
100 . 0 
125 . 0 
160 . 0 
200 . 0 
250 . 0 
315 . 0 
400.0 
500.0 
630 . 0 
800.0 
1000 . 0 
1250.0 
1600 . 0 
2000 , 0 


INST 

6 . 9924E-02 
6 . 9924E-^02 
6  - 9924E-n2 
6 . 9924E-02 
6 . 9924E-02 
6 . 9924E+02 
6 . 9924E+02 
6 . 9924E-^02 
6 . 9924E+02 
6 . 9924E+02 
6 . 9924E^02 
6 . 9924E-02 
6 . 9924E-02 
6 . 99i34E-<-02 
6 . 9924E+02 
6 . 9924E-02 
6 , 9924E~02 


TABLE 

OF  CONTENTS 

FOR  DAL 

,  UNIT 

5 

KSC105 

:  [ VAPEPS ] DAL005 . DAL ; 

1 

SEQ 

RR 

DATE 

TIME 

E 

WORDS 

NR 

NC 

T  ELN 

VER 

Cl 

1 

16 

880723 

125150 

0 

43 

43 

1 

5  TEXT 

DT03 

0 

2 

20 

880723 

125156 

0 

1 

1 

1 

0  EXEL 

DT03 

0 

3 

24 

880723 

125156 

0 

17 

17 

1 

1  FREQ 

DT03 

0 

4 

28 

880723 

125205 

0 

3 

3 

1 

0  DBFG 

DT03 

0 

5 

32 

880723 

125206 

0 

51 

17 

3 

1  RESP 

DT03 

0 

6 

36 

880723 

125220 

0 

6 

3 

2 

4  MNAM 

DT03 

0 

7 

40 

880727 

135523 

0 

36 

36 

1 

5  TEXT 

DTOl 

0 

8 

44 

880727 

135530 

0 

1 

1 

1 

0  EXEL 

DTOl 

0 

9 

48 

880727 

135530 

0 

17 

17 

1 

1  FREQ 

DTOl 

0 

10 

52 

880727 

135530 

0 

17 

17 

1 

1  EXC 

DTOl 

0 

1 1 

56 

880727 

135532 

0 

51 

17 

3 

1  DENS 

DTOl 

0 

1 2 

60 

880727 

135535 

0 

9 

9 

1 

0  PDES 

DTOl 

0 

■'  -T 

1. 

64 

880727 

135535 

0 

2 

2 

1 

0  CDES 

DTOl 

0 

14 

68 

880727 

135535 

0 

1 

1 

1 

0  RDES 

DTOl 

0 

r:* 
i  tC 

880727 

135535 

0 

34 

17 

2 

1  CRFR 

DTOl 

0 

16 

76 

880727 

135535 

0 

17 

17 

1 

1  RING 

DTOl 

0 

*•  r* 

1 

ec 

880727 

135535 

0 

153 

17 

9 

1  ATA 

DTOl 

0 

1  ^ 

92 

880727 

135536 

0 

6 

6 

1 

0  IDES 

DTOl 

n 

1 

96 

680'727 

135536 

0 

C?  <7 

4.  V-/  O 

9 

17 

1  CO 

DTOl 

0 

116 

880727 

135538 

0 

68 

4 

17 

1  INCO 

DTOl 

0 

2  1 

136 

880727 

135539 

0 

34 

17 

2 

1  TRNF 

DTOl 

0 

140 

880727 

135540 

0 

51 

17 

3 

1  CONV 

DTOl 

n 

O  '7 

'w/ 

144 

880727 

135541 

0 

3 

3 

1 

0  DBFG 

DTOl 

0 

24 

148 

880727 

135541 

0 

1 

1 

1 

1  CPOW 

DTOl 

0 

o  - 

*-,1 

152 

880727 

135543 

0 

51 

17 

3 

1  RESP 

DTOl 

0 

26 

156 

880727 

135544 

0 

153 

17 

9 

1  POWR 

DTOl 

0 

27 

166 

880727 

135546 

0 

10 

10 

1 

0  PCDS 

DTOl 

0 

2  c 

172 

880727 

135546 

0 

170 

17 

10 

1  PCRF 

DTOl 

0 

2  7 

188 

880727 

135545 

0 

34 

17 

2 

1  PNET 

DTOl 

0 

'C  ■_ 

192 

880727 

135546 

0 

6 

6 

1 

0  MHM 

DTOl 

0 

j 

196 

880727 

135549 

0 

3 

3 

I 

1  OA 

DTOl 

0 

32 

200 

880727 

135552 

0 

3 

3 

1 

1  GRMS 

DTOl 

0 

n 

216 

880  ^”27 

135556 

0 

6 

3 

2 

4  MNAM 

DTOl 

0 

54 

220 

880727 

135557 

0 

140 

35 

4 

0  PIPM 

DTOl 

0 

'T 

228 

680727 

135602 

0 

76 

19 

4 

0  PDPM 

DTOl 

0 

36 

232 

860727 

135602 

0 

6 

3 

2 

0  PIPS 

DTOl 

0 

37 

236 

880727 

135602 

0 

19 

19 

1 

4  PISL 

DTOl 

0 

38 

240 

860727 

135602 

0 

29 

29 

1 

1  PIRL 

DTOl 

0 

39 

244 

880727 

135602 

0 

16 

16 

1 

0  PIIL 

DTOl 

0 

40 

248 

880727 

135602 

0 

10 

10 

1 

0  MSTA 

DTOl 

0 

CPU:  DELTA, 

EXECUTION.  RUN 

= 

15.41 

15 

.41 

47.89 

■  •  ‘CIAU* ♦ ♦ 


DYNAMIC  xMEASUKEMENT 


PREDICTION  AND  MEASUREMENT  OF  THE 
ACOl  STIC  ENVIRONMENT  OF  THE  AIRBORNE 
SEEKER  EVALUATION  TEST  SYSTEM 

l>tM)iiard  Shan  and  Kenneth  R.  Wentz 
Acoustics  and  Sonic  Fatigue  Grouj) 

Flight  Dynamics  Laboratory 
Air  Force  Wright  Aeronautical  Laboratories 
W  right-Patterson  Air  Force  Base.  OH  45433 


.  i'lo*  behind  grotuberarces  or.  aircraft  can  result 

i icciustic  levels  hifTh  enough  to  cause  structui'al  dp-r.age. 
.ee  sej;ar'ate  !  flow  t‘l  ucnua-ting  pressure  levels  rrmst  be 
:  r-;  ii  ctea::  .and/or  measured  for  a  fanigue  analysis  on  the 
-ircrat't  structure.  i'he  acoustic  levels  were  preuicruvi  an',: 
f'.-'i.j.ured  for  uhe  separated  flow  behind  a  large  retractable 
rurret  installed  on  a  C-130  aircraft.  The  predicted  levels 
well  with  the  measured  environment.  ,4  maximum 
■-.'c'ustic  level  of  L>ij  dB  was  measured.  The  resulting  levels 
W’-'re  uses  to  predict  the  acoustic  fatigue  life  of  the  skin 
:  ■-rnsls  behind  tlie  turref.  A  life  of  f;ver  ^000  hours  was 
■  r'-.- i  cued  for  the  maximum  acoustic  levels. 


INTRODUCTION 

In.'  acou.-'tic  environment  associated  with  the  separated  flow  region  behind  a 
lur.ve  ref  r-!  •.’■^.abi  e  turret  was  investigated.  The  large  retractable  turret  comprised 
an  .lirborr.e  .'.’eoker  Ivalua'^. ion  T‘=st  System  (ASKTS.)  which  was  Installed  on  a  C-130 
■■-Ircrait.  turret  is  carried  inside  the  fuselage  and  extended  when  needed  for 

t'=u;ti r.!, .  Lt  '--xtends  fifty  inches  below  the  fuselage  which  is  lower  than  the 
.vro'ur.'i  j  I  tnuB  the  aircra'"t  aid  not  land  with  the  turret  fully  extended.  A 

.xte-tch  of  t:'.e  C-lkO  aircraft  w:tn  the  turret  fully  extended  is  shown  in  Figure  1. 
figure-.::  t  a.-,  i  j  sfiow  the  turret  in  the  retracted  and  extended  positions 
r--::;  ‘  cti  vni y  .  Any  non-a,erodynarr.ic  pjrotrusion  on  the  aircratt  surface  will  resvilt 
in  .ierart*’-:  f.iow.  The  amplitude  of  the  pressure  fluctuations  be-'hind  the  turret 
w  '!"  ne'-i’  ■.  to  dotn'rmine  the  acoustic  fatigue  life  of  the  aircraft  skin.  The 
:l  u-:*  U'lti  r.,v  :  r-.::sure  levels  and  the  region  of  separation  behind  the  turret  were 
;  i  cto'i  n,:ir.,-  exi.sting  prediction  methods.  An  extensive  flight  test  was  then 
;-  r:nrm^‘'i  ; urir.^-  whicr,  the  fluctuating  pressure  environment  was  iiu^asured.  A  tota.1 
■O'  ‘wfT/e  :  ;i,  mciiel  lofa  microphones  were  used  to  measure  the  acoustic 
-  r.v  :  rorirvr.t .  Tr.'-  microphones  were  located  from  directly  behind  the  turret  to 

er^jiit  six  :  iovr;  stream  as  s'nown  in  Figyure  4.  Acoustic  data  w-re  oh*,aine!i  for 

i’;.*T  rrnjise^  turns,  flaps  up  and  at  50  percent,  arii;!  frir  the  turret 
i"  or  ;  e*  '  ^  no  n;  partially  exteruif-.-l  positions  as  well  as  fvill;,'  extenued.  All  of 

*  :  O'  ■e:..ufo:  Oita  W'-r''  r'''iiiccd  into  Rower  opectral  r;or;sit;('s  (RhL).  rijrt,:;er 
O  O:.;,'  nr:"  "r.tir"  moresiiremenr,  program  are  givui  in  ht^fer"ac'  i. 
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The  flow  behind  the  large  turret  was  assumed  to  be  separated.  This  region 
of  flow  separation  for  blunt  bodies  can  be  refeired  to  as  base  flow.  The  overall 
fluctuating  pressure  level  (acoustic  level)  can  be  predicted  using  equation  1 
(Ref.  2). 


P 

rms 

"q 


0.045 


where,  q  =  free  stream  dynamic  pressure 


(1) 


The  turbulence  constant  0.045  may  be  as  high  as  0.1,  depending  on  the  type  of 
separated  or  base  flow.  Considering  the  diameter  of  the  turret  (54  inches)  fully 
separated  flow  was  anticipated  and  thus  the  higher  value  of  i).l  was  used.  The 
maximum  free  stream  dynamic  pressure  for  the  ASETS  occurred  at  12,000  feet  for 
Mach  number  0.4.  For  these  conditions  the  dynamic  pressure  is  1.05  psi.  Using 
the  0.1  value  for  the  turbulence  constant  results  in 


The  sound  pressure  level  is  calculated  from  Equation  2 

3PL  =  20  log  (2) 

where 

Pref  =  2-9X10^  psi 

Thus  the  maximum  SPL  that  should  occur  behind  the  turret  was  predicted  to  be  151 
dB.  As  shown  in  the  next  section  the  maximum  level  measured  for  all  flight 
conditions  was  150  dB  which  verifies  the  predicted  level. 


DISCUSSION  OF  DATA 

Acoustic  data  were  obtained  for  take-off,  level  cruise,  3g  turns,  flaps  up 
and  a,t  50  percent,  and  for  the  turret  in  and  at  numerous  partially  extended 
positions  as  well  as  fully  extended.  All  of  the  acoustic  data  were  reduced  into 
Power  Spectral  Densities  (PSD). 

Figure  5  shows  a  typical  boundary  layer  noise  spectrum  from  microphone  9  for 
a  speed  of  235  knots  and  altitude  of  12,000  feet.  The  turret  is  inside  and  the 
doors  are  closed.  All  the  microphones  have  nearly  the  same  levels  except  lor  the 
narrowband  peak  near  68  Hertz.  This  is  the  blade  passage  frequency  of  the 
propellers  on  the  o-130  aircraft.  Going  through  a  3g  turn  did  not  affect  the 
Doundary  layer  noise  Ifivels.  Also  take  off  levels  are  very  low,  as  seen  in  Figure 
6,  except  the  narrowband  tones  from  the  propellers. 
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Typic’a]  FJoundary  Layer  Noise  Spectrum  With  The 
Turret  Inside  and  t'ne  Floors  (Hosed  for  215  Knot 
and  12,000  Foot  Altitude 
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Figure  7  shows  a  spectrum  from  mi crop.hor.e  o  I’or  the  turret  doors  open  but  the 
turret  inside.  This  spectrun.  is  for  a  speed  of  iTU  knots  and  yotJO  foot  altitude. 
It  can  be  compared  to  the  spectrum  in  Figure  8  which  is  for  the  turret  fully 
extended.  The  low  frequencies,  less  than  hO  liertz ,  were  increased  about  10  db, 
but  the  higher  frequencies,  above  POO  Hertz,  were  not  affected.  This  would  be 
expectea  since  the  flow  behind  the  turret  should  scale  with  the  characteristic 
dimension  of  the  turret,  namely  the  ’j)  h  inch  diameter.  This  results  in  a 
characteristic  frequency  of  240  Hertz  which  implies  that  essentially  only 
frequencies  below  2-40  liertz  should  be  affected  by  the  turret.  This  indeed  was  the 
case. 
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Fig.  7  Spectrum  for  Doors  Open  and  Turret  Inside 
for  170  Knots  and  9600  Foot  Altitude 
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Fig.  8 


Spectrum  for  Turret  Fully  Extended  for  170 
Knots  and  9600  Foot  Altitude 


The  aircraft  flaps  were  extended  to  50  degrees  during  a  flight  and  acoustic 
data  were  obtained.  A  typical  spectrum  is  shown  in  Figure  9  and  can  be  directly 
compared  to  Figure  8  for  flaps  up.  The  two  spectra  are  iiearly  the  sarnie;  thus  flap 
settings  do  not  affect  the  acoustic  levels  behind  the  tuiu-et. 

Since  acoustic  fatigue  was  the  major  reason  for  the  acoustic  measurements, 
the  highest  levels  would  result  in  the  shortest  fatigue  e.  The  highest  levels 
were  recorded  I'or  a  flight  speed  of  253  knots  at  an  alt..  ’>  of  12,000  feet, 
r'igure  10  presents  the  spectrum  for  these  conditions  froii.  crophone  5*  The 
overall  level  is  150  dB  with  the  maximum  PSD  level  being  133  dB  near  30  Hertz. 
Reviewing  all  of  the  data  show  that  the  highest  levels  occur  well  behind  the 
turret  at  fuselage  stations  382  to  i^lO.  The  higher  levels  could  extend  further 
aft,  but  there  were  no  microphones  to  verify  it.  Some  data  were  obtained  from 
microphorieo  2  .*r.d  8  for  other  flights.  It  showed  that  the  leva’s  at  tbec:e  side 
locations  were  generally  t/ie  r magnitude  as  microphone  locations  1,  3  and  5 
(fuselage  stations  3^2  to  i>10). 
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Fig.  9  Spectrum  for  Turret  Fully  Extended  nnd  Flaps 

at  50  Percent  for  170  Knots  and  9600  Foot  Altitude 
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10  Spectrum  From  Microphone  5  for  251  Ktiots 
at  12,000  Foot  Altitude 
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/x^TT^Et^ 

Y  Tzod-v" ) 


where  X'^x 


where  Gx  =  m  4  1/2  Gy  =  n  4  1/2 


(M 


a  =  Length  of  plate 


b  =  Wiath  of  plate 
•  =  Angur.ar  frequency 

X  =  Isotropic  bending  stiffness 

-  Density  of  material 
t  =  Thickness  ot  plate 

n  =  N-oiriber  of  half  sine  waves  in  a  direction 

n  =  N'onber  of  half  sine  waves  in  b  direction 

f  =  Frequency 

=  Isotropic  poisson's  ratio 

An  average  of  the  two  frequencies,  f  and  f  ,  was  used  since  it  is  more 
representative  of  the  actual  response  of  ?Re  paneS''on  the  aircraft.  The  resulting 
frequency  is  1^*3  Hertz.  The  PSD  that  is  used  for  the  analysis  is  the  level  at  the 
resonant  frequency.  Reviewing  all  the  data  and  selecting  the  highest  level  above 
100  Hertz  (a  conservative  approach)  results  in  PSD  of  125  dB.  Using  the  Modified 
Miles  equation:  |Ref.  3! 


0.072  (f,,)  (b/a)’-^^ 

—  _  _  p  u _ 

,1.75  0.56 


^"•^°[3(b/a)2  4  2(a/b)2  +  2]°-^^ 


ksi 


s  (f , ,)  =  «/g~(777T 

p  1 1  p  <  I 


(5) 
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=  a  K  j  t.  Vn:  c  K.nes: 

-  ratio 


t,s  in  a  stress  of  2.5^  "i-h  the  aid  of  the  S-N  curve  in  Figure  12, 

s  to  failue  of  2.1  X  10'  is  found.  f’or  the  resonant  frequency  of  1^3  Hertz, 
results  in  a  sonic  fatigue  life  of  ii080  hours.  Thus,  the  skin  panels  behind 
urret  will  not  fail  in  less  than  4000  hours  flying  in  the  maximum  conditions 
ctural  life  will  be  longer  since  much  ol'  the  flight  time  will  be  at  slower 


I'L',!.  12  S-N'  Curve  for  2024-T'5  Clad  Aluminum 
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Piezoelectric  polyvinylidene  fluoride  (PVDF)  has 
proven  to  be  an  excellent  transducing  material  for 
a  broad  range  of  dynamic  measurement  applications. 
Shock  vave  measurements  have  been  made  up  to  46  C.Pa 
providing  fast  rise  time  data  at  shock  stress  levels 
nevei  before  measured.  Hopkinson  bar  tests  have 
provided  stress  gauge  calibration  at  lov  stress  levels 
(0.1  to  1.0  GPa).  rt  new  application,  use  of  PVDF  in 
active  vibr.Uion  control  of  structures,  is  also 
discussed . 


A.  INTRODUCTION 

It  has  been  known  for  many  years  that  appropriately  treated  polyviny 
lidene  fluoride  (PVDF)  exhibits  piezoelectric  properties  suitable  for  a  wide 
variety  of  applications  Some  of  these  applications  require  a  high  degree 
of  reproducibility  in  material  constants  because  a  sensor  which  functions 
under  shock-compression  loading  is  destroyed  in  use.  Various  studies  of 
PVDF  film  by  Bauer  [1-4]  have  shown  that  conventionally  available 

piezoelectric  films  do  not  exhibit  sufficient  reproducibility  for  shock 
applications.  However,  PVDF  film  processed  to  exacting  specifications  and 
poled  with  the  Bauer  method  achieves  the  desired  level  of  reproducibility. 

A  cooperative  effort  has  been  pursued  between  Institute  Saint  Louis 
(ISL)  and  Sandia  National  Laboratories,  Albuquerque  (SNLA)  to  provide  a 
stress  gauge  for  widespread  use  in  shock  me  "•suremen  ts .  SNLA  has  been 
receiving  technical  support  from  Ktech  Corporation  to  develop  the  Bauer 
poling  process  in  the  United  Stater,  while  ISL  has  been  working  with 
Metravib  Corporation  in  France  to  develop  a  commercial  source  for  the  stan- 
d.nrdized  PVDF  gauges.  Initial  efforts  in  the  cooperative  program,  which  was 
started  in  1982,  showed  agreement  of  independent  shock  wave  measurements 
made  at  the  two  laboratories  on  PVDF  gauges  fabricated  by  ISL  [S].  The 
initial  work  was  in  the  stress  range  from  1.0  to  2.2  GPa.  Later  work  in¬ 
volved  setting  up  specific  material  film  specifications  and  the  Bauer  poling 
proces.s  in  the  United  States  and  the  Metravib  Laboratory  [6]. 
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Furiiiei  voiK  sfiijvt’O  agitenitiil  t.vei  a  iai  gei  sIloss  range.  nii  exacting, 

'  fj:i 'ol  led  i'';pact  technique  im  eva  1  tia  t  i  iig  PVDF  ptress  gatigf  s  has  been 
developed  j  |  . 

The  iSL  i.abora  toi  y  vas  rlu?  only  suui  ce  foi  PVDF  gauges  prodr.ced  by  the 
Bauet  -leti'iod  until  vety  tecently.  As  a  result  ot  the  cooperative  effort 
iietveen  oui  laboratories,  gauge  f  .rbr  i  ca  t  ion  facilities  have  beej-  developed 
in  both  the  Uni'ed  States  and  France  that  can  produce  standardized  PVDF 
hock  conipr  ess  ion  gauges  based  on  tlie  patented  Bauer  process;.  The  essential 
ingiediei  ts  of  tfic  standardized  gauge  are  a  uniform;  high  quality  biaxially 
stretclied  PVDF  film  and  the  Bauer  electrical  poling  process.  The  ne.xt 
section  jf  this  paiier  reports  the  completion  of  our  gauge  s  t  andar  d  i  za  t  i  oi; 
offcot. 

Three  series  cD  precisely  contrarlled  experiments  have  been  conducted  tci 
c.arun't  tire  sbiOt  k  is>sponse  of  ivo  batches  of  PVDF  gauges  made  to  the  same 
!'P'- i  r  !  a  t  i  ons  in  'vo  separate  facilities.  Section  C  of  this  paper  [nesents 
'v.r  frrst  m.easut  emeir t o;  oir  idrock  save  response  of  PVDF  gauges  fabricated  from 
'ittererv  iot'-  veil  '-ontrolied  film,  .uid  poled  in  different  1  a  bo  ra  t  o  t' i  e  ■ 
i-ing  ‘ho  s  '  ai.da  r'd  i  zed  process. 

A  reieif  ;  irve';  t  rga  t  irm  .,f  the  piezoelectric  behavior  of  PVDF  [SL  gauges 

;lr\  -:d  i;;  a  iiopkinsou  bat.  vith  no  internal  specimen  is  presented  next. 

i-i'  inovidcrr  lovrn  '.tress  ca  1  i  tri  a  t  i  on  for  these  gauges. 

nev  :  :  t  1  fi  of  PVDF  tians(iu..et  ipp  1  i  ca  i  i  ons  (active  vibratirci  control) 

:s  pre-enteri  in  me  fifth  section.  .A  general  analysis  of  method.s  i.s  given 

.and  trie  relative  merits  of  active  and  passive  control  are  di.scussed.  This 
vertion  'on^ludes  vitlr  a  de.scription  of  a  computer  model  for  design  of 
active  i  in  a  t  i control  s  t  oms  . 
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tttd  Fratrce  vas  extruded  and 
i  t  i.ms  irr  France  from  polymer  pellets 
:pfc.,:ia]  film  has  a  nominal  tliickiiess  of  26 
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ras  Ireotr  procured  for  many  years  of  gauge 
pa:  '  i'-uiat.  frim  vas  chosen  because  of 


PVDF  film, 
i-'p  !  i :  a  t  i  ons  .  Tit  i . 

siicres'.fui  j'.C'littg  by  Bairet  of  similar  PVDF  batches.  Al.so, 

utemeni''  on  s  t  .itidard  i  zed  gauges  made  from  different  PVDF  lot' 
nsp  agtet-mon*.  (irher  PVDF  filiir.s  ate  available.  bt:t  they  arc 
tin  Phone  Pouleti'  r.atetial  and  none  have  been  siiljecfed  to 
tf't.iiitg  as  thio  rnateiial.  An  essential  point  of  any  .shock 

tan'vbicei  devn  1  (.prii.'-ii t  project  is  a  matetinl  vith  veil  defined 

c  s,  f.nsMie  tfiat  piopei  t  oc  cs.s  i  ng  can  acdiieve  tkio  tequited 


( •  n  s  n  I  e 


'  iipia:  ii ;  :;C'i  -  : :  :  gaugo  elect  loding  process  vas  de'.elc[)ed  aftei. 

^  o:  ::,e ;  ai  L  i  2;a  t  i  on  techniques  and  mask  designs.  Magnetton 

'!  g-'l'i  ‘O  .1  lu::, i num  o-.-ei  piatinun.  produced  Glecliodcs  cilh  a  '.•eiy 
•  tlr;  metal  vas  i  ecajved  using  the  Scotch- tape  pp‘  i  test  and 

no  c  •;  i  <i-'ncc‘  oi  1  i  In:  overheating  during  electioding.  'Miier  sput 
::i  '.ap'ni  deposition  t  ec  iini  qiies  liave  shovn  that  oveiheating  tlie  I  i  In: 
n  de t > - men t al  otLects  on  the  electrical  properties  of  ; he  gauge, 
f'.ode  and  sensing  area  design  utilized  for  the  standard  gauge  is 
Fig.  I.  The  sensor  area  located  vhere  the  ivo  electrodes  overlap 
Iv  'i’.e  nios  r  important  regioii  ot  the  gauge.  It  is  critiial  to  have 
c  detinition  tor  the  total  eloctroded  area  because  accurate  sensor 
sureniei'it  is  required  for  accurate  sliock  wave  measurements.  Masking 
-  lia.’c  bctri  deceloped  vhich  produce  the  required  sliatp  edge  defini 
l!:';-:  mn.gni  f  i  ca  t  ion. .  and  also  reduce  tlie  tendency  of  the  PVDF  to 
; ;  i  :ig  depics  i  t  i  on  18). 


Figute  1.  Standaidized  Pv'DF  .shod;,  gauge  configuration. 

tK'ifyts 

piU!  p(j.se  of  the  poling  (rrocess  i  .s  to  induce  rejiroducible 
trie  p.o  lai' i  sa  t  i  on  in  the  PVDF  and  to  remove  any  trapped  space 
Many  .static,  field  discharge,  and  cyclic  methods  have  een  tried 
[Cisr  fev  years,  but  only  the  Bauer  process  vith  a  specific  cyclic 
'hedule  has  been  proven  shock-compression  tests  to  conditioti  the 
urate  i  .opt  oduc  i  ble  output.  The  poling  process  incorporates  the 
ft'atiiie.s  as  desi^iibed  in  Bauer's  U.S.  patent  and  in  the  open 
s  CM. 

Iknisj  'poling  piocedure  is  specifically  tailored  to  create  ,t 
n.g  tliat  produces  cliarge  under  .stress  or.ly  from  the  piezo- 

|•■‘]e'  r  a;Kl  undei  temperature  ctiange  only  from  the  pyroelectric 
iiic  jii  O' (  align'  r  i  y.  t  a  1 1  i  tes  ,  orients  dipoles,  and  migrates  ions 
iiaigs'  out  rif  the  film  liomogGncou  s  i  y  Chrougho'it  the  poled  region. 


A  Bauei  process  poling  facility  has  been  developed  in  Albnouerque,  Nev 
Mexico,  and  has  been  shown  to  produce  routinely  high  quality  gauge  elements 
with  high  polarization.  The  remanent  polarization  of  PVDF  shock  gauges 
produced  with  the  United  States  system  is  the  same  as  produced  in  France  at 
ISL  and  Metravib,  nominally  9.2  i  0.2  pC/cm’. 


C.  SHOCK  MEASUREMENTS 

EXPERIMENTAL  METHODS 

A  standard  impact  loading  experiment  for  PVDF  has  been  developed  for 
the  SNLA  25-meter  compressed  gas  gun  which  has  been  used  for  many  previous 
studies  involving  precisely  controlled  impact  loading,  including  quartz  and 
lithium  niobate  piezoelectric  gauge  work.  The  gauge  element  is  placed 
directly  on  the  impact  face  of  a  target  of  either  Kel-F,  Z-cut  quartz,  Z-cut 
sapphire  or  tungsten  carbide  as  shown  in  Fig.  2.  The  impactor  is  the  same 
material  as  the  target:  hence,  the  equilibrium  particle  velocity  is  known  to 
the  precision  of  the  impact  velocity  measurement,  0.1  percent.  The  gauge 
elements  are  subjected  to  unusually  well  behaved  shock  and  release  stress 
pulses  because  the  2-cut  quartz  and  sapphire  target  and  impactor  materials 
remain  elastic  up  to  about  13  and  20  GPa,  respectively.  The  response  to 
release  waves  can  be  carefully  studied  by  the  use  of  thin  impactors  in  this 
arrangement.  Tungsten  carbide  is  used  for  stress  greater  than  20  GPa  with 
25  pm  thick  FEP  Teflon  film  on  either  side  of  the  gauge  to  provide  electri¬ 
cal  insulation.  Kel-F  is  used  because  of  its  lower  mechanical  impedance  for 
stress  less  than  3  GPa  [10]. 

TARGET 

ASSEMBLY  PRDJECTILE 


liguic  2.  Impact  loading  configuration  for  controlled  shock  loading 
of  standardized  PVDF  gauges. 


Various  electronic  recording  arrangements  have  been  investigated.  High 
speed  digitizers  provide  the  best  records  for  ease  in  data  reduction.  A 
high  digitizing  rate  is  required  to  track  the  detail  in  the  PVDF  >-esponse 
because  of  the  very  fast  loading  achieved.  LeCroy  6880  digitizers  which 
sample  at  a  rate  of  0.742  ns  per  point  and  have  a  recording  window  of  7.4  ys 
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■,;eie  used.  File  e;;[)ei  used  tso  separate  Inv-loss  coaxial  cables  to 

pii.v.ide  lecordiug  ol  the  signals  at  difieient  seii.s  i  t  i  v  i  t  ies  raiher  than  a 
single  sable  a  paraPf^l  f's,„i,oc  t  ion  to  two  digitizers. 

rile  elfcctLical  euLLents  [jtoduced  upon  impact  from  electrode  areas  of 
abovit  't.l  c!!!-'  range  !  i  om  about  I  to  d()  amperes  in  the  most  recent  experi¬ 
ments.  i'u  1  I  en t  - V i ev i ng  lesi.stors  wit'n  re.s i s tance.s  between  0.025  and  0.2  ohm 
are  connected  to  the  gauge  electrodes  to  reduce  the  signal  levels  to  accept¬ 
able  ■/allies.  Fut  tiiei  signal  level  I'ednction,  if  desired,  is  accomplished 
■sith  ni c rovave  diiidcrs  placed  at  the  inputs  to  the  digitizers. 

RESULT'S 


The  joint  progiaiv:  ol  PVDF  gauge  development  conducted  over  the  last  six 
v'ears  has  resulted  in  a  set  of  quantitative  specifications  describing  the 
standardized  stress  gauge.  Specifications  relative  to  material,  electroding 
and  poling  paiameters  that  must  be  achieved  to  produce  a  repeatable,  high 
fidelity,',  shock  wave  sensor  are  shown  in  Table  1.  The  normal  hysteresis 
loop  listed  in  Table  1  is  shown  in  Fig.  3  for  gauges  produced  at  the  three 
different  facilities.  The  excellent  agreement  in  remanent  polarization  and 
hystere.sis  loop  characteristics  shows  the  reproduciDiii  ty  of  PVDF  gauges 
made  to  exacting  standards.  Although  the  program  is  ongoing,  the  results  to 
date  over  a  wide  range  of  parameters  relative  to  gauge  area  and  shock  stress 
are  sho’wn  in  Table  2.  Of  primary  importance  in  Table  2  is  the  fact  that  the 
same  rsmanent  polarization,  which  has  been  shown  in  previous  work  to  be 
critical  to  producing  a  repeatable  shock  transducer,  has  been  achieved  in 
the  three  different  laboratories  using  essentially  the  same  gauge  fabrica¬ 
tion  proc.esse.s.  Also  shown  in  Table  2  is  a  wide  range  of  shock-compression 
loading  to  which  the  gauges  have  been  exposed.  This  dynamic  range  is  an 
order  of  magnitude  larger  than  any  previously  available  piezoelectric  shock 
gauge. 


Table  1.  Standardized  PVDF  Gauge  Specifications 


Material  Biaxial  stretched  25  pm  (Rhone  Poulenc). 

Clectr.:dc  Sputtered  (2500  A  gold  over  500  A  platinun.,. 


Poling  Crossed  lead  strip  sensing  area. 

Remanent  polarization  9.2  +  0.2  uC/cm-. 
Normal  hysteresis  loop. 


F’liy  s  i  c  a  1  -Geome  t  r  i  c 


Quantitative  definition  of  all  parameters. 
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Figure  3.  Hysteresis  loop  comparison  for  SNLA/Ktech,  ISL  and  Metravib 
standardized  PVDF  shock,  gauges. 


Table  2.  PVDF  Gauge  Parameters 


A  comparison  of  results  from  different  gauges  shock  loaded  using  the 
controlled  impact  technique  is  shown  in  Fig.  4.  The  shock  compression  data 
shown  in  Fig.  4  were  generated  at  SNLA  ("KTECH  DATA"  and  "SANDIA  DATA")  and 
ISL.  The  results  indicate  minimal  scatter,  with  similar  responses  being 
obtained  for  the  gauges  produced  in  France  and  the  United  States.  Limited 
data  of  this  type  have  been  obtained  previously;  however,  in  the  current 
study  the  applicable  stress  gauge  range  was  expanded  up  to  46  GPa  where  the 
gauge  is  still  functioning  properly.  The  ability  to  produce  repeatable  PVDF 
shock  transducers  in  the  different  laboratories  to  exacting  specifications 
now  provides  the  general  availability  of  shock  transducers  for  reliable 
measurement  application. 
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Figure  A.  PVDF  gauge  charge  as  a  function  of  shock  stress. 

(Preliminary  data,  detailed  data  analysis  in  process). 


Some  gauges  were  studied  with  the  negative  electrode  on  the  impact 
surface  to  investigate  the  influence  of  gauge  electrical  orientation  on 
output  current.  Data  reported  here  were  obtained  with  the  standard  orienta¬ 
tion  used  by  Bauer  in  which  the  positive  electrode  is  placed  on  the  impact 
surface.  It  appears  there  is  an  electrical  polarity  effect  which  has  not 
yet  been  fully  evaluated. 

Standardized  PVDF  gauges  have  been  utilized  in  pulsed  laser  experiments 
which  allowed  stress  measurements  tg  be  made  within  30  pm  of  the  deposition 
region  with  fluxes  ranging  to  10  W/cm^.  Two  PVDF  records  from  these  ex¬ 
periments  are  shown  in  Fig.  5.  The  large  signal  to  noise  ratio  combined 
with  the  ability  to  make  small  sensors  in  the  range  of  0.01  cm^  and  the 
inherent  flexibility  of  the  PVDF  shock  sensor,  allow  data  to  be  obtained  in 
an  extremely  harsh  electrical  environment,  which  further  illustrates  the 
reliability  and  utility  of  the  PVDF  gauge. 


TIME  (vt) 

Figure  5.  PVDF  stress  gauge  data  from  pulsed  laser  experiments  (SPRITE). 


D.  HOPKINSON  BAR  EXPERIMENTS 


The  Hopkinson  bar  used  for  comparison  tests  [11]  includes  a  striker 
bar,  the  incident  and  transmitter  bars,  and  the  associated  instrumentation 
as  detailed  in  Fig.  6.  This  generctes  a  scjuarc  v"'.vc  of  x.C  us  duration  at 
the  impact  interface.  Propagation  to  the  PVDF  gauge  location  converts  this 
pulse  into  a  uniaxial  stress  wave  with  the  characteristic  Pochhammer-Chree 
oscillations  superimposed  on  the  stjuare  wave.  A  typical  stress  history 
adjacent  to  the  gauge  is  measured  by  a  strain  gauge  and  is  shown  in  Fig.  7. 


Figure  6.  Schematic  apparatus  for  the  Hopkinson  bar. 

Yl»cit«  ;  t.OE-2  YR$c*le.1.0EO 
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Figure  7.  The  incident  compressive  pulse  and  measured 
PVDF  gauge  output. 

The  gauges  for  the  Hopkinson  bar  experiments  were  made  of  biaxially 
stretched  PVDF  AO  pm  thick  with  an  active  area  of  25  mm^  but  were  identical 
to  the  standard  gauges  (Table  1)  in  all  other  aspects. 


If  ve  assume  the  delivered  charge  to  be  proportional  to  the  applied 
stress,  the  Q  =  f(t)  (electric  charge  versus  time)  should  be  expected  to 
exhibit  the  shock  wave  profile: 

't 

Q  =  i(t)  •  dt  (1) 

_  0 

with  t  =  experimental  recording  time. 

EXPERIMENTAL  TECHNIQUE  AND  RESULTS 

Hopkinson  bar  experiments  were  used  to  determine  the  PVDF  shock  gauge 
response  between  1  and  4  kbar.  The  gauge  was  placed  in  the  middle  of  the 
bar  as  indicated  in  Fig.  6.  Two  thin  sheets  of  unpoled  PVDF  (23  urn  thick) 
were  placed  on  each  side  of  the  gauge  in  order  to  ensure  a  good  insulation 
without  a  bonding  agent.  The  current  pulses  measured  with  a  7612  Tektronix 
were  integrated  digitally  to  provide  electrical  charge  as  a  function  of 
time.  The  charge  output  of  PVDF  followed  the  stress  histories  and,  upon 
unloading  to  zero  stress,  the  charge  was  observed  to  return  to  zero.  The 
dynamic  compression  loading  behavior  was  investigated  using  several  step 
compressional  loading  input  waves  of  different  amplitudes.  Comparison  of 
the  stress  determined  from  the  measured  strain  history  in  the  bar  (£(t)  in 
Fig.  6)  with  the  charge  obtained  from  Eqn.  (1)  results  in  the  calibration 
curve  shown  in  Fig.  8. 


Figure  8.  Calibration  curve  of  the  ISL  PVDF  gauge  (logarithmic  scale). 

The  law  governing  the  unidimensional  axial  stress  as  a  function  of  the 
electric  charge  Q  released  per  unit  surface  can  be  expressed  as  follows: 


a  •  Q 


P 


(2) 
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vhere  Q  is  the  electric  charge  given  in  yC/cm* ,  ct  is  the  stress  in  kbar,  and 
<x  and  p  are  constants  depending  on  the  value  of  the  film  and  on  the 
piezoelectric  coefficients  obtained  after  poling  (a  =  6.04  and  3  =  1.19  for 
40  urn  thick  PVDF). 


E.  USE  OF  PVDF  IN  ACTIVE  VIBRATION  CONTROL 

Piezoelectric  polymers  offe'*  some  interesting  specific  characteristics 
making  them  suitable  to  control  the  dynamic  behavior  of  light  structures: 
light  weight,  ease  of  use,  flexibility,  and  simple  assembly.  The 
reliability  and  long  term  stability  of  properly  prepared  PVDF,  poled  in  an 
appropriate  manner,  offer  a  new  field  of  application  for  this  polymer. 
Displacement  and  velocity  are  the  two  variables  used  to  control  vibrations 
in  structures. 


GENERAL  PROBLEM  DESCRIPIION 

Vibration  problems  are  a  major  concern  in  specific  areas  of  dynamic 
engineering  such  as  aerospace  or  sensor  technology.  Solar  panels  and  large 
mirror  parts  require  stable  and  light  weight  structures.  Optimal  structural 
design  usually  falls  short  of  these  requirements,  making  active  control 
necessary . 

The  general  concept  of  active  control  is  diagrammed  in  Fig.  9.  This 
active  control  can  be  accomplished  by  either  the  eigenvalue  adjustment 
method  or  the  controlled  damping  method. 
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Figure  9.  Active  control  diagram. 

ACTIVE  VIBRATION  CONTROL  ANALYSIS 


In  generaJ ,  cither  eigenspace  assignment  or  active  damping  can  be  used 
to  modify  the  structural  behavior  of  any  mechanical  assembly  and  both  can  be 
implemented  with  transducei.s  based  on  PVDF  piezoelectric  polymer  sensors 
i  1  2  1  . 

E  i  gejv^  a  lue  ad  jus  tmen  t 


The  active  reaction  is  proportional  to  the  displacement  for  this 
method.  The  control  results  in  a  change  of  eigenvalues  of  the  structural 
system.  In  general,  the  dynamics  equation  for  any  system  is 


[Ml  y(t)  +  (Cl  y(t)  +  [K1  y(t)  =  F(t), 


(3) 


where  [M]  =  mass  matrix 

[cj  damping  matrix 

[K]  =  stiffness  matrix 

F(t)  =  applied  vector  forces 

y(t)  =  degree  of  freedom  (d.o.f.)  vector 

With  active  control,  the  applied  force  term  becomes 

F(t)  =  B(t)  ^  E(t), 

where  B(t)  is  the  actively  generated  component  of  the  force  and  E(t)  is  the 
driving  force.  Eqn.  (3)  then  becomes 

[M]  y(t)  ^  [Cl  y(t)  +  (K1  y(t)  =  B(t)  +  E(t)  (4) 

Figure  10.  Diagram  of  eigenvalue  adjustment  system. 


In  order  to  change  the  eigenvalues  of  Eqn.  (4),  we  use  an  actively  generated 
force  which  is  proportional  to  the  d.o.f.  displacement  vector,  y(t),  as 
illustrated  in  Fig.  10: 

B(t)  =  [A]  y(t)  (5) 

Then,  Eqn.  (4)  can  be  written  as 

(Ml  y(t)  +  [C]  y(t)  +  (IK)  -  lAj)  y(t)  =  E(t).  (6) 

The  solution  to  Eqn.  (6)  can  be  written  as 

x(t)  =  J  =»  x(t)  =  [D1  x(t)  +  G(t),  (7) 

I  y(t)  j 

where 
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[-M"^CJ 

11} 


[-M  ^K-A)l 

10} 


(8) 


E(t) 


y(t) 


[Ml,  (Cl,  [K1 


and 


G(t) 


E(t) 

0 


(9) 


For  non- vanishing  [A]  the  eigenvalues  of  Eqn.  (6)  will  differ  from  the 
values  solving  Eqn.  (3)  as  shown  in  Fig.  11.  The  change  is  a  shift  in  both 
amplitude  and  resonant  frequencies.  This  shift  in  the  frequency  response  of 
the  structures  can  be  used  to  broaden  the  useful  frequency  range. 


Figure  11.  Eigenvalue  adjustment  response  changes. 


Con  trolled  damping 

An  alternative  approach  n.)  active  co.nUoi  relies  on  changing  the 
amplitude  of  resonant  vibrations  instead  of  modifying  the  frequency  response 
of  the  si-ructure.  To  do  this  we  can  use  an  actively  generated  force  which 
's  propoi fional  to  the  d.o.f.  velocity  vector  (Fig.  12).  In  this  case  Eqn. 
(j)  can  be  written: 

b(t)  =  lA'[y(M,  (10) 


Co  t’r.at  Eqn  (4)  is 

lOj  yt:)  -  ([Cj-iA'  j)  y(t)  -  !>'!  y(r) 


E(t). 


F(  •  ; 

-  -► 


[Mi.  ICl,  IK] 


(  t ) 

-f  - 


^B(t)  -  y(t) 


A-  I 

— 


(11) 


Figure  12. 


Coniroiied  damping  diagram. 


The  solution  to  Eqn.  (11)  is 


x(t)  =  ID']  •  x(t)  +  G(t) 

V  i  t  h 

r[-M‘^C-A')]  [-M“^K]1 


and  G(t)  given  by  Eqn.  (9). 

The  eigenvalues  of  this  system  are  translated  on  the  imaging  axis  so  that 
the  amplitude  of  the  system  response  is  modified,  while  the  frequencies 
remain  the  same  (Fig.  13). 


(12) 


(13) 


Figure  13.  Controlled  damping  response  changes. 


ACTIVE  DAMPING  MODELING 

All  active  control  devices  are  spatially  well  defined;  their  corrective 
action  is  therefore  limited  to  specific  modes.  They  can,  however,  excite 
higher  order  vibration  modes.  This  problem  of  space  distribution  concerns 
both  techniques  of  active  vibration  control  (eigenvalue  adjustment  or  damp¬ 
ing  control).  However,  the  negative  effects  are  limited  in  active  damping 
control  and  there  is  no  strict  need  for  multiple  band  pass  filtering  with 
this  approach. 

The  general  aim  of  active  damping  control  is  to  expand  the  effect  of 
overall  damping  of  the  structure  (Fig.  14)  toward  the  lower  frequency 
regions  in  order  to  reduce  the  dynamic  response  over  a  broader  frequency 
range.  Passive  damping,  with  the  "sual  weight  limits,  is  most  efficient  in 
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higher  frequency  engineering  applications.  Active  damping  coiitrol  is  useful 
for  the  first  few  modes  too  difficult  to  control  by  ordinary  techniques. 
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Figure  14. 

Diagram  of  overall  damping  coefficient  of  a 
nominal  structure  as  a  function  of  mode  number. 

A  comparative 
in  Table  3. 

evaluation  of  advantages  and 

disadvantages  is  presented 

Table  3 

.  Advantage  and  Disadvantage  Comparative 

ADVANTAGES 

DISADVANTAGES 

Active  Control 

Improvement  of  dynamic 
behavior 

•  Energy  input 

•  Instabilities 

Passive  Control 

Stabili ty 

Ruggedness 

Reliability 

'  Limitations  in  structures 
•  Weight  and  space  problems 

Active  and 

Passive  Control 

Reduction  of  active 
driving  elements 

Reduction  of  er-ergy 

•  Stability 

•  Space  requirement 

We  have  developed  a  computer  model  to  study  the  optimization  of 
active/passive  damping  in  beams  under  various  conditions.  This  model  is 
based  on  single  pairs  of  elements  (one  sensing,  the  other  providing  active 
input)  as  follows: 
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a  veiacity  sense i 
a  gain  control  (amplifier) 

-  a  distributed  force  generator  (piezotilm) 

The  sedel  gi'.’es  the  optimun;  location  and  the  spatial  extent  of  the  seiisors. 
T!r  i s  mode]  makes  it  possible  to  identify  the  modal  contamination  and  to 
avoid  utrranted  tesanances  in  the  system.  It  has  been  used  to  s'udy  poten¬ 
tial  applications  of  PVDF  piezofilms  as  veil  as  thin  PZT  ceramics.  Results 
sivov  t'lat,  althougn  PVDF  has  a  lover  intrinsic  elfect,  its  low  density  and 
Last  response  ma'-te  it  a  suitable  material  for  control  of  low  frequency 
'ibiaiions  in  light  veight  structures.  The  model  sliovs  also  that  the  best 
combination  of  dipoles  is  local  sensors  associated  with  local  actuators  as 
opposed  to  large  area  actuators  or  arrays. 

Further  work  will  be  required  to  analyze  possible  combinat it urs  of  PVDF 
distiibuted  sensors  and  other  types  of  more  energetic  local  actuatois  to 
provide  a  good  compromise  for  active  vibration  'ontrol  for  genera]  use. 

F.  SUMliARY 


PVDF  has  many  a'ppl  i ca t  i ons  in  imth  mc-asurement  and  contrc.i!  of  '-hock  and 
■/  i  bra  t  i  on  . 

Recent  advances  in  sr-etchii.g  and  poling  techniques  have  resulted  in  a 
siiock  transducer  which  is  rtpi'oducibie  to  tast-iising  (~  ns)  shock  waves  in 
its  response.  Attentioir  to  qualiry  control  recjui  rement  s  of  production  and 
details  of  calibration  tests  leads  to  identical  response  for'  gau.ges  produced 
at  se()aiate  facilities  in  France-  arrd  the  U.S.A.  These  transducers  have  been 
used  at  stresses  as  high  as  s6  ('Pa.  Lover  stress  calibration  (0.1  to 
OPa)  of  si'niiar  transducer;;  using  a  Hopkinson  bar  is  also  reported. 

PVi.)F  also  shows  pi'omise  iir  active  damping  applications  vhere  its  high 
no  1  ai  i  ra  t  i  on  pet  unit  mass  make  it  par  t  i  cu  iai  i  >'  attractive.  Teriuiiques  ate 
beirvg  developed  to  optimize  arch  systems. 
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INERTIAL  REFERENCE  AND  TRACKING  SYSTEM 
FOR  THE  MEASl  REMENT  OF 
BLAST  INDl  CED  DISPLACEMENTS 
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One  el’  inoihods  iitili/cd  lti  assess  liic  nuclear  surei  valMlils'  nf 
:niliia!\  inaieiial  ivcliicle),  is  ilic  mcasuroineni  or  dclcrminaiion 
cd  tne  d\nainic  response  lo  a  slurck  or  acceleration  cnvironnicnt 
as  Minulaied  during  blast  lesls,  in  large  shock  tubes  rrr  blast 
Minulaiois.  d  he  ability  to  ell’eciiselN  track  vehicle  response 
iiiiii/ine  photographic  niethods  is  severely  limited  due  to  dust  and 
eoiide:>a;  ion  introduced  h_\  the  simulation.  This  publica.iion 
kl  'la.ils  ilte  methokiologs ,  design  and  I'abrictU ion  ol  an  Inertial 
Reference  S\stem  to  measure  blast  induced  linear  and  angular 
kl;.  namic  respion^e. 


1  he  mik  roprocoM'r-baNekl  Inertial  Rel'erence  System  (IRS)  is 
eeneralU  illustraiekl  in  I'lgure  1.  The  system  consists  of  three 
M  laassembl  ies,  the  irrimau  containing  the  processor,  nieniory. 
R.s2,'2  communis  aiions.  aiiil  all  the  analog  and  digital  circuits 
rekiuircki  to  interlace  uiih  sensors,  batters’  subsystem  and 
[iroccssi'r  kiaia  bus  The  battery  ttssembls'  houses  four  custom 
b,iiiery  pticks  consisting  of  rechargeable  NiC.AD  cells  ar  I 
viKirging  circuits.  I'he  sensor  tissembly  proviklcs  the  precise 
miuinimg  c  out  igur,ition,  orienting  the  sensors  in  a  predescribckl 
onei'talioii  tiecessar},  tvr  t|  uant  i  tat  i  ve  ly  interpolate  the  precise 
Iink'.ii  .m.l  ,meular  akceleraiion  terms.  The  system  inierraces  tki  a 
i’anel  mountekl  control  su  itches  enabling  the  user  to  manuallv 
kleiine  clutiinel  gtiins.  sampling  rreciuency,  filler  reference 
't'lueitks  .iiikl  kielto.  timer.  The  system  interfaces  to  an  IBM 
M'k  1  l’(  ci.i  .1  kledicaiiekl  R.S2.^2  iiort,  off  loading  post  exju'riment, 
tie'  akkpiiieii  sensor  klaia.  onto  a  mass  stortige  disk  for  processing 

■  III  !  .iitaK  Si  s. 

: .  ' B  .1  k'  k  I  o  u !!  d  : 


'i.ukin.j  ol  ineiii.d  soordinale  systems  is  one  of  the  timdamental 
1  k I iii  i;i .i; ik  ,m  i  ki\i!,imic  resjsonse  anaK  s’s  of  ritlgiki  boilies  to  a 

.  k  ,  1  ■ !  .0 1  oil  k-;i\ :  uMiment .  'I  1;  e  tipproach  tiemonsiratekl  to  be 
1  .1  kU!  Ok-  .Ik  .ippiied  to  hum, III  anahrg  resetircli  is  one  where 

I  !  koikimiiik  c.iM.iblcs  are  the  best  sourCk  of  bki|h  anguhir 

.1  .  e  I  ■ !  .I : !  ■  Ol  k  I'ln  p.  O',  e  n  I  s  while  angul.ir  aiui  kl  i  s  p  I  ace  m  e  n  t 

;a  !’,  ( d  a  ,1 ;  n.-.i  diie.i'.;.  lii'in  iiliotogiaiidiic  data  i  1  ).  With  c,,keful 

0.01,01, a;  .'..l  ki.'i.il  kondiiikming  of  accelerometers,  angular  tiiu! 
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IRS  BLOCK  DIAGRAM 


iiiicai  \a(oci[\  ONiiiuatcs  Jcrivcd  /'rtUTi  of  dccclcroinclcr  ddlu  hdvc 

Ivan  nIiowii  111  corrclaic  \>.iih  those  dcri\C(l  rroiii  d  i  lie  rent  i  at  ion  of 

piioio^i  apit  le  data  I’or  lime  durations.  t_\  pieal  c)(  sliock/iinpael  evenis. 

Inuh  ineriial  and  plioioeiapltic  ilata  eolleetion  and  anal>sis  problems  do  exist 
and  mu^l  be  minimi/ed  to  obtain  aeeurate  and  unanibieuous  results.  It  is 
V  iisioiiiar}  iliai  iraekine  of  [iliotoeraphie  tareels.  allaelied  to  rideid  bodies  be 
.u I'mj'd  1 -,hed  b\  at  least  two  cameras,  with  displacement  and  orientation 
deiermincd  \ia  a  least-squared  algorithm  of  the  target  locations  to  compensate 

lor  tile  diseretc  nature  of  the  data.  In  order  to  adequately  process 

[diotographic  data,  it  is  required  to  have  a  iratisformation  from  points  in  the 

object  plane  to  jioints  in  the  film  plane.  This  of  course  requires  accurate 
calibration  of  each  camera  and  precise  surveying  of  the  location  and 

oiient.iiion  of  the  camera  in  the  inertial  reference  frame. 

b  n\  1 1'onment  al  constraints  introduced  by  the  blast  test  or  simulated  blast 

r  omjnl  icaie  the  usage  of  photographic  techniques.  Resulting  dust  and 

condensation  make  transformation  of  points  from  the  object  plane  to  the  film 
plane  im  imssible,  limiting  photographic  coverage.  Consequently,  an 
.iltcrnaiixe  lechnique  enabling  the  .Vdimensional  tracking  of  a  vehicle  as 

cxiMiscd  to  a  blast  is  required.  The  following  describe  the  methodology  utilized 

to  imjilcment  inertial  reference  techniques. 

Sensor  Requirements ; 

flic  equation  of  motion  defining  the  six  degree  of  freedom  motion  of  a  ridgid 

body  is  best  illustrated  in  Figure  #2.  The  acceleration  of  a  point  "P"  on  the 
ridgid  body  (veliicle)  is  given  by  equation  I.  Typically,  point  "P"  is  associated 
uith  an  instrumentation  mounting  location,  with  point  "B"  defined  as  the 

vehicle  or  ridgid  body  reference  coordinate  system.  Since  system  "P"  is  fixed 

relative  to  system  "B",  based  on  ridgid  body  assumptions,  the  equation  of 
motion  reduces  that  ot  equation  #2.  Equation  tf2  can  be  represented  in 

component  form  as  shown  in  equation  #,T  defining  the  following  required 

luirameters  to  solve  the  equation  of  motion. 

Linear  accelerations  XYZ 

■Angular  accelerations 

.Angular  velocity 

Displacement  between  coordinate  systems. 

In  oi.ier  lo  evaluate  the  ecjuation  of  motion,  both  linear  and  angular  terms 

ha'.e  to  be  measured  directly  or  derived  from  these  measures.  It  is  assumed 
liiai  iniii.il  piwiiion  is  known,  so  that  all  relevant  parameters  of  the  trajectory 
..jii  lie  vSpressed  in  the  inertia!  reference  frame.  There  arc  basically  four 

I  n 'i :  u  I II  e  ii  I  ,ii  mil  opiions  available  to  quantify  the  six  degrees  of  freedom 

ii.vimn  ol  a  cmoidinale  sy  siem  coincident  with  a  ridgid  body  (Figure  .' i.  The 
lir-i  ^  ,i  c  imbiiKition  of  three  linear  accelerometers  (measuring  the  X,  A',  and 

/.  ie,p(.uim-s)  .Old  rate  gyros  measuring  the  angular  vciocitics  about  the 

repciiiw  a\e>  D 1 1 1  e  re  lit  i  ai  ion  ol  the  angular  velocities  provide  the  estimates 

.in.;!il:!r  .n.  e  Ic  rat  ions  required  to  solve  the  ccjualions  of  motion. 

1 .  1 1 ;  i  p  ml  .I  i  mn  dI  inc  .ingiilar  veliuiiy  pri"''des  angular  orientation.  In  the 

>  ■.  !  m  i  cpimn.  in  .iddiiion  to  the  three  linear  accelerometers,  angular 

mnniioicd  diicctly  and  the  data  inteuraied  to  obtain  anuular 
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■  Aj^  +  ap  +  2®Wj^®Vp  +  w^®(w^®d)  +  W|^@d 

If  system  P  fixed  relative  to  system  B  then; 


=  ^(3  +  0  (Wj^  ®  d)  +  0  d 

NEED: 

w  or  w 
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-P  ■  ^3  ^  “pS'^x)  -  ^  '  ^B^y 
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figure  2.  Variables  Required  bo  Define  6  DF  of  Motlor. 


OPTION  *  1 

USE  MONITORED  ANGULAR 
VELOCITY  TO  ESTIMATE 
ANGULAR  ACCELERATION 

OPTION  +2 

USE  MONITORED  ANGULAP 
ACCELERATION  TO  tSTIM. 
ANGULAR  VELOCITY 

OPTION  +3 


Wy  =  A?.l.  Az,0  ^ 

X  dy 


yWz 


w  _  A  :0-Az  2  , 
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Figure  3  Instrumentation  Options. 
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velocity  estimates.  Option  3  uses  an  array  of  six  acceleronicicrs,  where 

angular  accelerations  arc  derived  from  the  differences  in  the  respective 
linear  accelerations  measured,  divided  hy  the  distance  separating  them.  It 

should  be  noted  that  the  cross  terms  involving  the  angular  velocities  arc 

derived  from  the  angular  accelerations  terms  in  the  previous  time  interval. 

Consequently,  derivations  conducted  at  time  "l"  arc  directly  dependent  on 

existing  conditions  at  the  "t-l."  This  has  some  solution  stability  implications 

and  instrumentation  packages  based  on  such  an  array  should  not  be  employed 
in  long  pulse  duration  events.  finally,  under  the  last  option  (Option  4),  a 

cluster  of  nine  accelerometers  can  be  used  to  obtain  separate  estimates  for 

btuh  the  angular  accelerations  and  angular  velocity  cross  terms  (needed  to 
^oi\e  ihc  equations  of  motion)  and  these  estimates  are  lunciions  solely  o'" 
dilferonccs  between  respective  linear  acceleration  terms  existing  at  the  time 
"t".  This  provides  for  increased  stability  over  Option  3.  All  the  aforementioned 
candidates  arc  presently  available  as  off  the  shelf  technology.  The  choices  of 
instrumentation  configuration  options  to  be  taken  and  the  sensors  to  be 
utili/.ed  v\ill  depend  on  a  trade-ofl  between  cost,  required  accuracy  as  a 

I'unclion  of  experiment  duration,  ease  of  usage  in  terms  of  multiplicity  of 

excitation  voltages,  required  size  and  duration. 

The  sNstern  developed  by  Applied  Physics  under  the  issued  SBIR  implemented  a 

nine  linear  accelerometer  configuration  described  by  option  #4  and 

illustrated  in  Figure  4.  The  sensor  assembly  consists  of  one  set  of  triaxiai 

accelerometers  and  three  pairs  of  biaxial  ones.  Tliis  arrangement  makes  it 

possible  to  directly  determine  the  angular  acceleration  and  velocities  at  each 

lime  interval,  without  reliance  on  parameter  computed  at  previous  time 

intervals.  The  equations  for  angular  acceleration  take  the  form  below,  as 
function  of  only  the  linear  accelerations  and  separating  displacement. 

W X  =  (A/i  -  A/())/2(]yl  -  (Ay3  -  Ay())/2ci/,3 

« 

•  Wy  =  (Ax3  -  AxO)/2dz3  -  (A,2  -  A;,())/2iix2 

=  (Ay2  -  Ay0)/2dx2  -  CAxl  -  Ax())/2dy  1 

■Similarily,  the  angular  velocity  components  arc  determined  directly  from  the 


following  set  of 

non-linear  algebraic 

equations: 

•  WyWx 

=  fAxi  -  Ax())/2(jyi  + 

(Ay3  -  Ay()j/2d;,3 

•  WxWx 

=  (Ax3  -  Ax0)/2dv,3  + 

(A/.2  -  Ax())/2dx2 

•  W,\Vy 

=  (Ay2  -  Ay())/2jx2  + 

(Axl  -  Ax0)/2dy  1 

f-'onscciuently,  all  variables  necessary  to  solve  the  equation  of  motion  arc 
directly  measured  or  derivable  from  these  measures,  utilizing  the  9  linear 
a  c  c  e  I  c  r  o  m  c  t  c  r . 
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COORDINATE  SYSTEM 
SENSOR  GRID 

FIG  4 


I  lie  detailed  niieroproeessor-based  Inertial  Rcrcrenee  Sssicin  (IRSl  as 
imeeraiv'd  with  the  iiiiiiiaturi/ed  senstirs,  and  battery  assembly  is  illustrated  in 
l  iuiire  5.  1  lie  IRS  utilizes  a  dedicated  Intel  CMOS  SOSK  CPC.  adilressing  up  to  ! 

Mbyte  ot  liaiieiy  backed  CMOS  RAM  niemorv,  suppciriine  precision 

I’liei  ipheral  Inierraee  Timers  (PIT)  and  a  programmable  F^S232  ]>orl. 

1  he  IKS  pr.'ces'^or  and  coupled  CMOS  RAM  inierraee  directly  to  the  analog 
Mgnal  condilionittg  circuits  and  A/D  conversion,  timing  and  bus  interface 
logic.  The  analog  portion  of  the  system  consists  of  an  analog  card  set.  where 
analo.e  .A,  illustrated  in  Pigure  6  houses  all  the  signal  condition  circuits, 

consisting  ol  dedicated  custom  hybrids,  calibration  references  and  oil  set 
adjustment  circuits.  Analog  .A  is  designed  to  support  10  signal  conditioned 
channels  maintaining  +/-  .sVDC  input.  Analog  B,  illustrated  in  rigurc  7. 

procides  the  .A/D  conversion  network  and  STD  bus  interface  for  the  panel 
swiiches  and  .A/D  oulput  data.  .Additionally,  .Analog  R,  handles  the  interruitt 
pulse  train  or  sampling  Ireciuency  based  on  the  input  of  the  start  of  the 
exocnment  in[ntt. 

[■.acii  analog  channel  housed  on  Analog  A  contains  a  dedicated  analog  signal 
conditioning  path  as  illustrated  in  Figure  8.  Each  channel  supports  a 

differential  instrumentation  amplifier  with  a  variable.  CPU  programmable 

sampling  frequency  and  gain,  maintaining  a  full  scale  signal  at  the  ,A/D 

converter.  Connected  to  the  amplifier  is  a  anti-aliasing  filter,  providing  a  CPU 
adjustable  ,ot)()  hertz,  cutoff  and  a  minimum  rolloff  characteristic  of  -4.5 

d b/octa vc. 

1  he  niter  is  coupled  ttr  a  dedicated  sample  and  hold  circuit,  lime  synchronized 
with  all  other  channels.  The  analog  channels  are  multiplexed  to  [provide 
dedicated  input  paths  to  the  A/D  converter  (Analog  B).  The  .A/D  is  a  high 
speed,  bipolar  input  converter  maintaining  12  bit  resolution.  The  converter 

function  and  multiplexer  addressing  (selection  of  sensor  input)  is  under 
processor  control.  The  s)'stcm  utilizes  a  stable  clock,  count  down  circuitry,  and 
logic  to  provide  interrupts,  hold  signals  and  latching  supporting  available  data 
sampling  frequency.  Additionally,  the  IRS  primary  unit  houses  the  hardware 

and  soltwere  to  support  parallel  input/output  lines  (for  hardware  control), 

and  a  R,S232  asynchronous  serial  communication  interface  maintaining 
communications  with  the  IB.M/compaliblc  offload  system. 

fhc  IR.S  offload  computer  and  analysis  station  is  a  portable  IBM  compatible 
unit,  communicating  with  the  IRS  via  an  RS232  interface.  The  IBM  or 

compatible  maintains  a  mass  storage  media  to  offload  calibration  and 

e.xperimental  dttia  (rom  the  IR.S.  The  IBM  provides  all  data  processing/analysis 

rec|uired  nr  determine  and  display  the  time  history  response  of  the  vehicle  to  a 
blam. 


IRS  MECHANICAL  LAYOUl 
FIG  5B 


CPU  CONTROL 


(CPU) 


ANALOG  A 


FIG  6 
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SIGNAL  CONDITIONING 


11,'  IRS  is  '■cH  ^  oniaiiK'ii  aiu!  lolall)  pitwcix'd  b>  i  .'(.  harucLiblc  baltcrics.  The 
batteries  provide  '-nttivient  power  to  niaiiilaiii  system  operation  for  2.0  hours 
and  data  iniee.ritv  lot  4-S  houis.  I  he  system  eotitaitis  a  inneer  switeliine 
network  to  uuilitaie  u>e  of  external  DC  j'lower  for  systetii  clieekoul  atid 
mamtenaiiee,  pree  1  u..l i  tie  mine,,  essary  drain  irf  the  oniioard  batlerx  prior  to 
t  e '  t . 

Svsiem  Operational  Iheorx 

1  lie  mieroproeessor-basetl  Inertial  Relerenee  System  lunction  is  defined  b\ 
i!ie  assembly  language  operating  software,  structured  as  illustrated  in  b'igure 
4,  and  divided  into  the  following  funetional  phases: 

Pretest 

C  a  1  i  b  r  a  t  i  o  n 

Data  Offload/T  ransfer 

.A  e  n  u  1  s  i  t  i  o  n 

Sxstem  Monitor 

Cpon  power  up,  the  system  enters  a  pretest  mode  updating  all  status  registers, 
memor_v  pointers,  communication  ports  and  hardware  latc’ics.  The  pretest 
sollware  establishes  communications  with  the  IBM  user  interface  (RS2.s2)  and 
programs  the  variable  experiment  dependent  characteristics  such  as  sampling 
frequency,  number  of  channels,  sensor  type  and  the  sensor  characteristics  to 
their  default  configuration. 

With  the  svstem  in  the  PRETEST  mode,  the  softw'are  monitors  the  panel 
switches  for  user  input  in  specifying  or  defining  the  channel  gains,  sampling 
frequency  and  delay  timer  frequency.  In  the  normal  mode,  the  system 
continues  onto  the  automatic  calibration  procedure.  The  calibration  software 
provides  a  means  of  measuring  the  errors  introduced  from  the  sensor  through 
all  components  of  the  system.  The  system  supports  two  modes  of  calibration, 
automatic  (voltage  substitutio  i)  and  shunt.  In  the  shunt  (RCAL)  mode,  the 
processor  shunt  loads  each  sensor  with  a  known  resistive  load,  measuring  the 
>cnsor  output  at  the  .A/D  and  storing  the  results.  In  the  automatic  mode,  the 
calibration  software  provides  a  voltage  substitution  scheme  simulating  a 
ground  analog  input  into  each  channel.  The  system  additionally  maintains  the 

cap.ibility  to  pcrl'ortn  pre  and  post  experiment  or  test  calibrations. 

The  data  acquisition  software  is  based  on  an  interrupt  architecture,  w'herc  an 
interrupt  pulse  is  generated  at  the  desired  data  sampling  frequency.  The 

interrupt  based  acquisition  is  enabled  by  a  start  of  experiment  signal  and 
provides  the  hold  signal  to  the  sample  and  hold  circuits,  time  synchronizing 

all  channels.  Each  imerrupt  triggered  acquisition  cycle  will  start  the  A/D 
conversion  process,  and  subsequently  input  data  from  the  A/D  converter, 

storing  ...  2  bytes  (16  bits),  sequentially  into  memory.  The  system  collects 
d.ita  as  12  bits,  with  the  system  automatically  loading  the  4  most  significant 


YSTEM 


SOFTWARE  STRUCTURE 


[MiN  'Aii'i  /CIO,  prior  10  >tor;>s;c,  rcrlucmu  the  soliwarc  occriicad  iicccssarv  (or 

oliload  lit  daia  lo  the  IBM  Bach  sampling  imcraciiiMi  blocks  all  corresponding 
.h.nincl  d.iia  uilh  preceding  edapsed  time  data  and  end  ol'  record  (frOR)  -  posl 
data  separati'r.  Acquisition  is  tcrminaied  and  returns  to  the  system  nnnittir 
.laiomaticalh  uhen  either  the  maximum  experiment  lime  or  available  memory 
ha.^  been  exceeded. 

idle  communications  software  provides  the  link  between  the  IR.S  and  IBM 
interlace,  via  a  serial  RSdad  port  stiarcd  try  hath  processors.  The  data  otlToad, 

or  transmit  software,  offloads  the  entire  contents  of  experiment  memory 
's\Ntem  status,  pre/posi  calibrations,  and  cxjterimcnlal  'ala),  onto  the  IBM  or 
.cMn|iaiible  mass  storage  device  via  the  RS2.s2  port.  The  software  adheres  to  all 

pioiocmls  (.\(dN,  XOFb',  etc)  specified  by  these  bus  specifications.  The  PC 
maintains  softxxare  to  un])ack  the  interleaved  binary  data  and  convert  the 
hmar\  into  both  analog  voltage  levels  or  scientific  units.  The  PC  Fortran- 
b.ised  software  will  then  process  the  data  providing  a  rjuantitative  output  of 

the  six  degree  irf  freedom  motion  of  the  vehicle  in  question. 

IH.M  Cscr  Interface  and  .Analysis  Software 


IBM  PC/AT  micro-computer  provides  the  user  interface,  analysis  package  and 
data  oflload  media  in  support  of  the  IR.S.  The  IRS  is  connected  to  the  lE^M  via  a 
single  RS232  serial  communications  port  and  provides  the  user  the  capability 
to  define  the  cotifiguratioa  of  the  IRS,  offload  or  transfer  data  to  the  IBM, 
translate  the  data  into  scientific  units  and  provides  an  analysis  package  to 
quantitatively  determine  the  6  degree  of  freedom  motion  of  the  vehicle  in 

response  to  a  blast  scenario.  The  analysis  package  is  written  in  Fortran 
operating  under  PC-DOS  operating  system,  while  the  interface  and  offload 
software  is  coded  in  "C".  The  software  package  provided  w'ith  the  IRS  includes 
all  .software  necessary  to  compile,  link,  edit  and  execute  both  C  and  Fortran 
rtiu  tines. 

The  Fortran-based  analysis  software  enables  the  three-dimensional  time 
history  trajectory  of  the  vehicle  response  to  a  blast  scenario  to  be  computed. 

Additionally,  the  software  supports  3D  graphics  software  to  dynamically 

display  the  response  profile. 

Detailed  Data  Analysis  Procedure 

In  summary,  consider  the  3  coordinate  systems  consisting  of  the 
instrumentation  system  P,  the  vehicle  coordinate  system  B,  and  the  reference 
system  1  (Figure  tt2).  The  sensors  are  mounted  in  System  P  in  the  orientation 

as  illusiratcri  and  defined  in  Figure  #4.  The  analysis  software  prompts  the  user 

for  the  dx,  dy.  d/  separation  belvveen  the  sensors,  which  arc  fixed  for  (he 
system  as  delivered.  Additionally,  the  ROl,L,  PITCH,  YAW  mounting  angles 
relative  to  the  B  coordinate  system  and  the  displacement,  x,  y,  /,  between  the 
two  systems  must  be  entered.  These  arc  manually  entered  from  the  survey 
results  [troduced  when  mounting  the  sysicnr  Additionally,  the  displacement 

and  angular  orientation  of  the  vehicle  system  relative  to  the  reference 

coordinate  system  must  be  entered  at  the  corresponding  prompts.  The  vehicle 
coordinate  system  B  may  initially  coincide  with  reference  coordinate  system. 


Inilially,  the  accelerations  along  each  axis  in  the  P  coordinate  system  arc 
derived  directly  from  the  measured  acceleration  along  those  axis,  that  is 

Axp  =  Aox 
Ayp  =  Aoy 
A/p  =  Ao/ 

The  analysis  routine  continues  by  computing  the  angular  velocities  and 
acceleration  about  the  axis  in  P  coordinate  system  as  follows; 

WpW^y  =  A/1  -  A/.O  +  Ay3  -  AvO 
2dy  2d/, 


WrWy  =  A/2  -  A/0  +  Ax3  -  AxO 
2dx  2d/. 

WrWp  =  Axl  -  AxO  +  Av2  -  AvO 
2dy  2dy 

\Vr  -  A'/l  -  A/0  -  WpWy 
dy 

\Vp  =  A/.n  -  A/2  +  WrWy 
dx 

Wy  =  Av2  -  AvO  -  WrWp 
dx 


Where:  Wp  Analog  Acceleration  (pitch  axis) 

Wr  Angular  Acceleration  (roll  axis) 

Wy  Angular  Acceleration  (yaw  axis) 


The  analysis  software  then  computes  the  transformation  cosine  matrix, 
necessary  to  translate  the  accelerations,  angular  velocities  and  angular 
accelerations  as  measured  in  the  P  coordinate  system  to  the  B  coordinate 
system.  This  matrix  T  is  fixed  for  each  time  iteration  and  based  on  the  constant 
geometry  between  the  instrumentation  system  and  vehicle  coordinate  system. 
If  the  two  coordinate  systems  align,  the  matrix  then  defaults  to  the  Identity 
matrix.  The  transformation  matrix  is  computed  as  follows: 


T  = 


n  12  13 

t4  t.s  t6 

t?  t8  '9 


23.3 


Where; 


ti  CosP  CosY 
12  CosP  SinY 
t3  -SinP 

I4  SinRSinPCosY  -  CosRSinY 
tf  SinRSinPSinY  +  CosRSinY 
t6  SinRCosP 

t7  CosYSinPCcsR  +  SinRSinY 
tg  SinYSinPCosR  -  CosYSinr 
t9  CosRCosP 


and : 


P  =  Pilch  Angle 
Y  =  Yaw  Angle 
R  =  Roll  Angle 

The  transformation  requires  the  transpose  of  matrix  T  as  follows 
Convert  accelerations  at  P  to  B  coordinate  system: 


AxB 

AxP 

AyB 

= 

tt 

AyP 

^AzB^ 

- 

AzP 

Where: 

tl 

t4 

t? 

11  = 

t2 

t5 

t8 

'■3 

t6 

t9 

Convert  derived  Angular  Accelerations  at  P  to  B 


-  - 

WRB 

WRP 

• 

WPB 

= 

TT 

WPP 

• 

WYB 

• 

JVYP_ 

Convert  derived  Angular  Velocities  at  P  to  B 


WRB 

WRP 

WPB 

= 

TT 

WPP 

WYB 

WYP 

23A 


The  software  then  computes  the  accelerations  at  the  B  coordinate  system 
utilizing  the  translated  parameters  substituted  into  the  equations  of  motion; 

Ap  =  Ah  +  wb  ©  (wb  <S)  d)  +  wb  d 

AxP  =  AxB  +  WpB(WrBdy-WpBdx)  -  WyBCwyBdx-WfBdz)  +  WpBdz  -  WyBdy 

..  •  >  •  ft 

Ayp  =  AyB  +  VVyB(wpBdz-WyBdy)  -  WrBfwrBdy-Wpfidx)  +  WyBdx  -  WrBdz 

AzP  =  AzB  +  WrB(Wybdx-WrBdz)  -  WpB( WpBdz-WyBdyJ  +  WrBfly  -  WpBdx 

All  of  the  parameters  on  both  sides  of  the  equation  are  now  known.  As 
previously  calculated. 

The  analysis  software  continues  by  calculating  the  time  based  direction  cosine 
transformation  matrix  translating  the  data  from  the  B  coordinate  system  to  the 
desired  reference  coordinate  system.  This  matrix  is  updated  for  each  sampling 
iteration,  utilizing  the  changing  angular  and  displacement  results  for  each 
cycle.  The  determination  of  this  matrix  can  simply  be  outlined  as  follows: 


As  before,  the  transpose  of  the  matrix  is  utilized  to  translate  the  data  at  the  B 
coordinate  system  to  reference  system  as  follows: 


Ag 

= 

dT'Ab 

Wg 

= 

D^Wb 

Wg 

= 

D^Wb 

As  before,  equation 

#1  is 

utilized  to 

calculate  the  acceleration  at  the  reference 

coordinate  system 

accounting 

for 

the  angular  velocities  and  accelerations. 

The  velocity  at 

the 

reference  coordinate  system  is  based  on  the  integral  of  the 

acceleration  and 

the 

displacement 

on 

the  second  integral  as  follows: 

VXG 

= 

AXG 

(tf  - 

ti) 

VYG 

= 

AYG 

(If  - 

ti) 

VZG 

= 

AZG 

(tf  - 

ti) 

DXG 

= 

VXG 

(tf  - 

ti) 

DYG 

= 

VYG 

(tf  - 

ti) 

DZG 

VZG 

(tf  - 

ti) 

The  displacements 

become: 

DC 

DXG 

+ 

dx 

DY 

=  21  dyg 

+ 

dy 

DZ. 

=  21 

D0G 

+ 

dz 

2.35 


Where  dX.  dy,  and  d/  arc  the  initial  displacement. 


The  computation  ol'  the  angles  is  based  on  the  term  of  the  direction  cosine 
matrix  as  defined  in  equatios  and  simply  become; 


PG 

(Pitch) 

-.Sin' 

1  (D)3) 

YG 

(Yaw) 

= 

tan" ' 

(D12/D11) 

RG 

(Roll) 

tan"  ’ 

(D23/D33) 

The  analysis  routine  stores  for  each  time  sampling  period  the  accelerations 
AY,  AZ),  the  velocities  (VX,  VY,  VZ),  the  displacements  (DX,  DY,  DZ)  and  the 
angles  (R,  P,  Y)  as  translated  to  the  ground  reference  system. 
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The  designs  of  four  mechanical  gages  for  high  level 
shock  characterization  are  proposed  and  tested.  Of  the 
four,  the  use  of  an  IR  heat- sensitive  film  and  the 
degaussing  of  a  permanent  magnet  proved  to  have  severe 
restrictions  on  their  implementation.  However,  the  gages 
based  on  copper-ball  and  pyrotechnic  systems  showed 
sufficient  promise  for  continued  investigation.  The 
copper -ball  system  produced  a  linear  measurement  of 
acceleration,  exhibited  a  very  high  natural  frequency,  and 
showed  a  capability  of  recording  acceleration  in  the 
hundred  thousand  g  range.  The  use  of  a  pyrotechnic  device 
demonstrated  consistent  results  for  velocity- change 
measurement  when  used  as  a  family  of  gages.  The  device 
serves  to  bound  the  velocity  change  by  providing  a 
velocity  threshold  measure  of  go/no-go  information.  By 
using  the  peak-reading  copper-ball  accelerometer  together 
with  a  sufficient  number  of  pyrotechnic  gages,  additional 
information  can  be  inferred  about  the  duration  and  shape 
of  the  shock  pulse. 


INTRODUCTION 

Today's  weapons  (warheads,  projectiles,  and  attack  vehicles)  must  withstand 
im.p'cts  far  beyond  the  survival  capability  of  on-board,  electro-mechanical  shock¬ 
recording  instrumentation.  In  the  sixties  and  seventies,  significant  advancement 
was  made  in  the  area  of  electro -mechanical  shock  instrumentation  which  led  to  a 
disinterest  in  the  development  of  mechanical  shock  (MS)  sensors.  In  recent  years 
shock  levels  have  begun  to  exceed  the  survival  range  of  the  most  advanced 
electronic  shock  instrument.  A  pressing  need  exists  for  low-cost,  high-g,  high- 
frequency  MS  sensors  that  can  be  mounted  with  ease  on  board  high  velocity 
impacting-  or  impacted-vehicles  and,  on  recovery,  provide  accurate  measurement  of 
shock  peak  levels.  While  not  the  best  method  to  defining  the  weapon-shock 
environment,  MS  sensors  can,  as  they  have  for  many  years,  provide  enough  shock- 
correlation  information  to  make  it  possible  to  conduct  design  tests  on  weapon 
components  in  the  laboratory  under  controlled  and  accurately  monitored  conditions. 

The  objectives  of  this  study  were  the  following:  determine  the  feasibility 
of  extending  the  range,  readability,  and  simplicity  of  existing  MS  sensors,  while 
conducting  studies  on  non-conventional  materials  that  may  have  correlative  and 
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linear  response  to  shock.  These  objectives  were  merged  by  selecting  four  types  of 
MS  sensors  to  be  examined,  tested,  and  developed.  Two  of  these,  the  copper-ball 
and  pyrotechnic  sensors,  demonstrate  considerable  promise.  The  results  and 
limitations  of  this  study  are  presented  and  recommendations  made  for  further 
developing  the  proposed  gages. 

PROCEDURES 

SHOCK  TESTER 

The  study  called  for  a  shock  environment  that  was  high  in  frequency  and 
acceleration,  such  as  a  steel-on-steel  impact.  To  achieve  these  conditions  an  air 
gun  was  used  to  launch  a  steel  projectile  at  a  plate  to  which  the  test  gages  were 
attached.  The  gages,  along  with  a  conventional  accelerometer,  were  mounted  on  a 
3/4- inch  radius  from  the  point  of  impact  (Figure  1).  To  obtain  an  approximate 
half-sine  pulse  duration  of  approximately  25  microseconds,  a  0.025-inch  thick,  1- 
inch  square  copper  pad  was  placed  on  top  of  the  plate  at  the  impact  point. 


Figure  1:  Accelerometer  Orientation 
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DATA  ACQUISITION  SYSTEM 


A  conventional  accelerometer  was  used  to  electronically  record  the  plate 
response  and  provide  a  basis  for  assessing  the  performance  of  the  experimental 
gages.  The  accelerometers  were  mounted  on  a  circle  centered  at  the  point  of 
projectile  impact  (theoretically  all  points  on  this  circle  experience  identical 
shock  levels) .  The  conventional  accelerometer  specifications  show  a  linear 
measurement  range  of  up  to  128,000  g  and  a  frequency  response  of  3  -  50k  Hz  (+/- 
Idb) .  A  digital  storage  scope  displayed  and  transferred  the  acceleration- time 
history  data  to  a  portable  computer  from  which  velocity  and  a  scaled  acceleration¬ 
time  trace  were  obtained.  Figure  2  shows  typical  plate-response  shock  data  to 
which  the  prototype  shock  sensors  were  subjected.  Table  1  summarizes  the  tests 
performed. 


0.  10.  20.  30.  «0.  50.  60.  70.  80.  90.  100. 

Tims  (roicrosac) 


Figure  2:  Typical  Plate  Response 
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Table  1:  Test  Summary 


RESULTS 


IR  FIIJ'l  SENSOR  AND  MAGNETIC  SENSORS 

The  IR  Film-based  sensor  consists  of  thermosensitive  XEROX  film  sandv/i  died 
between  the  impact  plate  and  an  inertial  mass.  Ideally,  a  color  change  occur:;  in 
response  to  the  energy  associated  with  accelerating  the  inertial  mass. 

Using  this  arrangement,  for  the  peak  acceleration  range  of  50  to  100  kg, 
there  is  no  distinguishable  film  discoloration  (discoloration  can  be  achieved 
under  direct  impact).  An  inertial  mass  considerably  larger  than  those  tested  is 
necessary  to  induce  sufficient  energy  in  the  film  to  cause  significant 
discoloration;  however,  this  would  result  in  a  lower  measurement - sys tern  resonant 
frequency . 

A  magnetic  sensor  operates  as  a  stand-alone  unit,  requiring  no  inertial 
.mass.  Uden  a  magnetic  material  is  subjected  to  a  shock  environment,  the  enerr,-,' 
product  of  the  magnet  is  temporarily  affected.  The  change  in  the  flux  output  from 
a  magnet  can  therefore  be  used  as  an  indicator  of  the  severity  of  the  shock 
en-.' i  ronment .  Drawbacks  to  this  measurement  system  include:  uncer  t.-iintv  as  to  th.-a 
linearity  of  such  a  system,  the  effect  of  the  shock  orientation  relative  to  the 
internal  structure  of  the  magnet,  the  recovery  of  the  original  magnetic  proper tie.s 
with  time,  and  the  brittle  nature  of  the  more  desirable  high  energy  product 
magnets . 

These  difficulties  suggest  that  neither  the  IR  Film  nor  the  Permanent  Mar, net 
sensor  be  recommended  as  a  method  of  measurement  at  this  level  of  effort. 

COPPER- BALL  SENSOR 

Conventional  copper-ball  accelerometers  can  be  used  in  very  hig,h  g  shock 
c-nvi  ronments  through  modification  of  the  inertial  mass.  For  this  type  of  systcin, 
the  measure  of  acceleration  comes  from  the  ''flat'',  or  indentation,  left  on  ;kic- 
surface  of  a  copper  ball  from  an  inertial  mass.  Since  a  copper  ball  deforms  in 
response  to  force  (the  result  of  accelerating  the  inertial  mass),  the  copper  -  hr.  1 1 
accelerometer  offers  a  peak  acceleration  measurement. 

Copper-ball  indentation  as  an  indication  of  acceleration  has  been  u.seri  '.juite 
successfully  in  other  shock  environments^.  Extension  of  this  technology  to  liirhiL-r 
acceleration  and  frequency  levels  requires  the  adjustment  of  the  inertial  to 

meet  the  demands  of  the  new  environment.  Achieving  measurements  of  both  higln  r 
frequency  and  acceleration  levels  requires  the  use  of  a  light,  stiff  inertial  ,ma.ss 
:sMch  as  Pyrex  or  other  types  of  glass  masses. 

IiTiplementation  of  this  type  of  accelerometer  requires  special  o ons  i  de ra t  ions 
for  the  fixture  of  the  inertial  mass.  These  include  holding  the  inertial  mas:-,  in 
light  contact  with  the  copper  ball  and  in  the  proper  orientation  relative  to  the 
tiall  at  time  of  measurement.  .^n  arrangement  which  has  been  found  to  work  well  in 
ttif.  laboratory  is  shown  in  Figure  3.  Here  it  is  seen  that  the  copper  ball  sits  in 
1  socket  to  minimize  deformation  due  to  the  fixture.  The  mass  is  held  against  the 
•lall  by  a  small  sheet  of  paper  wedged  between  the  coils  of  the  spring  and  o'.’er  tb.e 
•op  of  th.e  mass.  This  arrangement  offers  very  Little  additional  mnss  ovei’  that  of 
the  inertial  mass  and  provides  for  ea.sy  adjustment  of  the  contact  ;  irce  fjetween 
•iie  mass-  and  the  ball. 


kA.i 


Figure  3;  Copper-Ball  Accelerometer 


When  the  impact  plate  accelerates,  it  applies  an  accelerating  force  (via  the 
copper  ball)  against  the  stationary  inertial  mass.  This  force  is  recorded  as  a 
flat  deformation  of  the  copper  ball.  The  flat  diameter,  for  the  magnitude  of  the 
deformations  involved,  is  much  easier  to  measure  than  radial  deformation.  The 
geometric  relation  between  the  two  is  given  in  Figure  4. 


DEFORMATION  CALCULATION  ACCELERATION  CALCULATION 


d  =  radial  deformation  of  boll  o  =  acceleration 

r  =  radius  of  ball  m  =  mass  of  inertial  mass 

f  =  diameter  of  flat  on  boll  =  dynamic  spring  rote 

of  copper— boll  deformation 


i'igure  4:  Copper-Ball  Deformation  and  Acceleration  Calculation 
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Using  the  dynamic  spring  rate  for  the  copper  ball  along  with  the  measured 
axial  deformation  gives  the  applied  load  necessary  to  create  the  deformation.  The 
acceleration  in  g  is  therefore  given  as  the  applied  load  divided  by  the  weight  of 
the  inertial  mass. 

The  dynamic  spring  constant  of  the  copper-ball  system  is  also  used  to 
calculate  the  natural  frequency  of  the  measurement  system.  This  is  done  by 
treating  the  inertial  mass  sitting  on  the  copper  ball  as  a  free  spring-mass 
system.  The  natural  frequency  of  this  single  degree -of  -  freedom  oscillator  i.s 
given  as; 

wo  =  (Kd/m)'^''^ 

-  2(PI)Fn 

where  wo  =  circular  natural  freq. 

Kd  =  copper-ball  spring  rate 
m  =  mass  of  inertial  mass 
Fn  =  natural  frequency 
PI  =  3.14159 

The  natural  frequency  of  the  system  is  then  applied  in  the  conventional  manner  for 
dyna.Tiic  measuring  devices. 

Table  2  lists  a  comparison  of  various  copper-ball  accelerometers  used  di.iring 
the  testing.  The  last  column  lists  some  ultimate  values  which  can  theoretically 
be  achieved.  This  is  based  on  an  assumed  minim.um  measurable  shock  input  of  25,0(i0 
g  corresponding  to  a  flat  diameter  of  0.005  inch.  From  these  two  constraints,  tiie 
mass,  size  and  natural  frequency  of  the  copper-ball  accelerometer  are  developed. 

During  testing,  the  acceleration  of  the  impact  plate  is  recorded  using  a 
conventional  accelerometer.  Using  the  method  described  previously,  the  flats  are 
used  to  calculate  applied  acceleration.  Once  a  preliminary  value  for  accelera.;  i  on 
is  determined,  it  is  adjusted  by  the  frequency-dependent  amplification  factor  of 
the  measurement  system.  The  ratio  of  measurement  system  natural  frequency  to  r.b.r- 
primarv  frequency  of  the  acceleration  pulse  is  used  to  determine  the  amplification 
factor.  This  is  applied  to  the  measured  acceleration  to  arrive  at  an  accurate 
value  for  system  acceleration.  In  practice,  of  course,  adjusting  the  reading.s 
according  to  the  dynamics  is  not  possible.  The  adjustment  here  is  for  purpo.sc of 
inve-st  igeting  the  linearity  of  the  copper-ball  system. 

Table  2:  Copper-Ball  Accelerometer  Capabilities 


S vs  tern 

1 

O 

Z, 

3 

4 

U1 t i mate 

.'■ia.ss  (gm) 

0.16 

0.36 

0.45 

0.65 

0,02  71 

Material 

Glass 

Glass 

Glass 

S  tee  1 

Glas.s 

t.ength  (mm) 

14 

31 

39 

19 

2  ,  3  3  a 

Diameter  (mm) 

2.39 

2.39 

2.39 

2.34 

2  .  39 

.'.at-ural  Frequency  (hz) 

32,000 

21,373 

19,041 

15,876 

77,892 

Theoretical  Diameter  Flat 
b.ised  on  2  5,000  g  (in) 

0.01215 

0.01821 

0.02036 

0 . 02444 

0 . 00  5 

.'■!  i  nimum 

.■'oa  e  lerat  i  on  ig) 
h.ased  on  0.005"  flat 

4,225 

1,878 

1,502 

1,040 

5  , 

.lire  D  is  ;i  of  the  dytiainical  ly  -  adj  us  ted ,  copper-ball  measured 

Lo;i  i.for  one  particular  iuertial  mass)  against  the  values  of  accclor; 
e  1  ec  t  ron  i  ca  1 1 V  .  The  data  has  been  regresied  arid  tlu‘  plot  c;  f  th.o  best 
udLLi.  Thr  l;ne;ir  regression  finds  the  relationship  between  copper-b, 
<icc  o  I  e  sa  t  i  on  and  electronically  measured  acceleration  to  bc:  ; 

bMA  =  1.5817*CBA  -  7838.14 

R3--=  0,762  7 

where  CB.A  ■=  copper-ball  accclerat  ’  on 
EMA  =  electronic  acceleration 
R2  =  correlation  coefficient 

(0=no  fit,  l=perfect  fit) 

copper-ball  acce lerom.eters  yield  very  promising  results.  Of  parties 
rent  is  the  relatively  linear  relationship  between  the  accf] oration 
e  Icc  rron  i  cal  ly  and  that  measured  using  the  copper  ball';. 
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£  I  ec  tr  3n  1  ca  I  -  y  Measured  Accelerafilon 


Figure  .5:  Copper-Ball  Acceleration 
iO,66giii  Ineartial  Mass,  fn  ==  15,876) 
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-  o;  •!',<■  ,e  (mpper-hall  acce lerome terns .  The  weight  of  the  ’’ii', 

'i  i'  id  :iii-  ''spring''  .so  that  the  system  can  not  lie  tiwati 
-s;  1  '  '  S',  a;  t ‘In .  liirwever,  it  is  only  roq'.n  red  that  these  di.c’ir 

!  inisar  f,'isi''i<>n  over  the  sliock  range  of  intere.st  in  ortier 
ining-  pe.ak  acceleration.  It  appears  that  these  g,ag,es  Isr. 
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Liu-  py  rot  eclini  c  shock  scMisor  consists  of  a  small  shapeti  pin  (inertial  in. 

!,el;i  in  pl.ict'  lipjitlv  -ip.aiti.st  a  pyrotechnic  cap  by  a  .soft  sprin;^  (Fi/’ure  G).  Tlii' 
-ap  otier.s  a  convenieni  ii"  thod  of  holding,  mounting  and  working  with  a  small 
j.i-.'So' eciinic  material.  It  is  mounted  against  the  impact  plate  using  a  drop  of  rlii. 
.•.ron.nd  t 'no  edge.  Upon  application  of  sufficient  impact-plate  velocity,  the 
svrot echnic  ignites  through  plate  and  inertial  mass  interaction.  Ohviouslv,  this 
.s-nsor  indicates  with  a  go/no-go  criterion  and  is  therefore  not  a  peak  iiidicairM' 
ie;:.  a  threshold  indicator. 
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Fi;;ure  6;  Pyrotechnic  Accelerometer 

I  nftjrma!:  i  on  obtainetl  from  the  cap  manufacturer  lists  the  active  explosives 
S';  le,-id  .stypliriate  crystals  uniformly  distributed  within  the  pyrotechnic  p,a.';ti.‘. 

Tl.'-  [.e/rot  (.Thnic  ignites  wiien  sufficient  kinetic  energy  is  applied  to  tihe.se 

.'i  1  ,s ,  I'herefore,  the  kinetic  entirgy  of  the  inertial  mas.s ,  as  well  as  it:;  .■.le,. 
1  r.  ofjty  I'-t  witii  the  cap,  determines  whether  or  not  the  pyrotechnic  will  ig,nit<'. 
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’■  sip.  i'  it 'ires  than  higlu'r  tor  ttie  same  energy  input, 

Miii'e  detonat  ion  of  the  lead  styphnate  crystals  depend.s  both  on  kitmt  in 
and  area  of  contact  ,  an  expression  called  specific  energy  i  u.sed  to 
U  S'  rihe  the  threshcild  for  det.onation.  Specific  energy  i  .s  defined  a.s  kiia  t  in 
•  : !  yy  ;<•  r  ''.nit  a  ri'  a  : 
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Once  the  specific  energy  of  detonation  is  determined  it  can  be  used,  along  with 
the  pin  mass  and  pin  flat  diameter,  to  calculate  the  critical  velocity  for 
detonation.  Wiiether  detonation  occurs  determines  whether  this  critical  velocity 
has  been  exceeded. 

The  goal  of  thr  experimentation  was  to  obtain  the  specific  energy  threshold 
at  which  the  pyrotechnic  will  ignite.  Since  specific  energy  is  a  function  of  the 
.shaped  pin's  mass  and  geometry  (for  any  plate  velocity  change,  V),  the  velocity  at 
detonation  can  be  determined  by  maintaining  a  constant  tip  geometry  for  different 

masses  . 

As  shown  in  Figure  1,  five  pyrotechnic  sensors  were  placed  on  an  equal 
radius  from  the  impact  point.  The  five  sensors  had  shaped  pin  masses  ranging  from 
1.2'*gm  to  0.46gm  with  as  uniform-as-possible  tip  geometry.  As  expected,  the 
larger  mass  sensor  ignited  at  the  lowest  plate  peak  velocity  while  the  smallest 
mass  ignited  at  the  highest  level.  Calculating  the  specific  energy  ignition  level 
for  each  system  shows  a  go/no-go  threshold  of  approximately  2200  ft  -  lb  per  sq . 
ft.  Figure  7  shows  go/no-go,  specific  energy  data  calculated  for  each  pin  m.ass . 
The  differences  in  the  threshold  levels  of  detonation  may  be  due  to  a  variety  of 
factors . 
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Figure  7:  Specific  Energy  Measurements  for  Cap  Ignition 


Some  problems  with  maintaining  tip  geometry  were  encountered.  The  inertial 
n’.a.s.se.s  were  not  precision  machined  pieces,  and  the  variations  in  tip  geometric.s 
w'le  found  to  affect  the  velocity  determination. 

Temperature  wa.s  another  uncompensated  condition  with  apparently  major  effei  t 
on  cap  ignition.  The  tests  were  conducted  outdoors  where  there  was  no  control 
over  the  pyrotechnic's  temperature.  For  the  0.615gm  mass  in  particular,  the 
,'.pcc.  i  f  i  c  energy  threshold  level  is  higher  than  for  the  other  four  masses.  The 
t  o-iperature  on  the  day  these  te.sts  were  made  was  approximately  20''  F  which  was  20' 
to  10'  F  lower  than  that  for  the  other  tests.  The  effect  of  humidity  on  ignition 
wee  not  determined  but  could  be  a  factor. 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  expei'imcnital  results  suggest  that  two  of  the  shock  measurement  systems 
proposed  offer  encouragement  for  further  investigations.  They  are  the  copper-ball 
Cicceleromecer  and  pyrotechnic  velocity  indicator.  In  contrast,  the  IR  film  and 
permanent  magnet  accelerometers  provided  less  satisfactory  results. 

The  limitations  imposed  from  both  the  IR  film  and  the  Permanent  .Magnet 
■accelerometer  made  these  systems  impractical  to  implement  during  this  test  series. 
The.  conceptual  design  of  both  of  these  accelerometers,  however,  can  not  be 
excluded  from  possible  consideration  for  future  applications,  especially  at  other 
shock  levels. 

The  copper-ball  accelerometer  proves  quite  capable  as  a  peak-accelerati(;p. 
indicator.  The  measured  acceleration  (as  indicated  by  the  deflections  p'^oduc'd 
iroit  the  inertial  mass)  was  reasonably  linear  with  respect  to  the  applied 
acceleration  level,  within  the  limits  of  the  testing  environment.  Implementation 
of  this  system  will  require  a  closer  investigation  into  some  of  the  aspects  of  thc- 
iiccelero.meter .  First,  a  more  practical  fixture  method  needs  to  be  considered.  In 
addition,  the  frequency  response  of  the  accelerometer  requires  better 
characterization.  This  will  also  allow  for  a  more  detailed  investigation  into  th.e 
properties  required  of  the  inertial  mass.  The  effects  of  off-axis  loading  will 
also  have  to  be  investigated.  Finally,  if  this  accelerometer  is  to  be  useful  for 
measurement  of  very  high  acceleration  levels  then  a  closer  inspection  of  the 
copper  ball  dynamic  spring  rate  over  the  entire  range  of  ball  deflection  will  be 
required . 

The  pyrotechnic  shock  sensor  shows  considerable  promise  as  a  severe 
c-r.'.'i  ronment ,  velocity-change  indicator.  The  results  achieved  through  this  testing 
indicate  that  with  sufficient  quality  control  over  the  pyrotechnic  manufacturing 
and.  packaging,  the  critical  energy  input  from  the  inertial  mass  (as  measured  bv 
^hf'  go/no-go  condition)  appears  to  be  repeatable  on  a  specific  energy  basis.  A 
•working  velocity  indicator  will  require  a  refinement  of  the  inertial  mass 
g£-ometry,  an  improved  fixture  arrangement  as  well  as  a  method  for  compensating  for 
ambiont  temperature  and  humidity. 

Concurrent  use  of  the  copper-ball  accelerometer  and  pyrotechnic  velocicv 
indicator  allows  for  more  complete  shock  environment  definition  in  that  other 
shock  parameters  may  be  inferred.  The  inexpensive,  easy  to  install  and  read 
nature  of  these  gages  make  them  attractive  for  further  study. 


'•  DeVost,  V.F.,  '’SHOCK  SPECTRA  MEASUREMENTS  USING  MULTIPLE  MECHANICAL  GAGES  (A 
Fi-'.AS  I B I  I.ITY  STUDY''  ,  U.S.  Naval  Ordnance  Laboratory,  White  Oak,  Md .  ,  NOLTR  67-151. 
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BUILT-IN  MECHANICAL  FILTER 
IN  A  SHOCK  ACCELEROMETER 


Anthony  S.  Chu 
Endevco  Corporation 
San  Juan  Capistrano,  CA 


Isolating  the  sensing  element  of  a  transducer  from  high  frequency 
transient  attacks  appears  to  be  one  of  the  most  effective  design 
improvements  in  shock  accelerometers.  An  experimental  transducer 
design  with  integral  mechanical  filter  has  allowed  the  experim.enter  to 
record  close-range  shock  excitation  without  zeroshift,  a  common 
linearity  error  in  pyroshock  measurement.  This  piezoelectric 
accelerometer  prototype  features  both  an  input  mechanical  filter  and  an 
electronic  low-pass  filter  in  order  to  maximize  usable  bandwidth. 
Calibration  data  indicate  flat  frequency  response  to  lOkHz  with  24  dB 
per  octave  roll-off  thereafter.  Field  test  results  are  also  shown  in  this 
paper. 


INTRODUCTION 

With  all  the  advances  in  digital  data  acquisition  equipment  and  signal  processing  techniques,  the 
acceleration  transducer  (accelerometer)  is  still  the  weakest  link  in  a  pyroshock  measurement  chain. 
Current  design  approaches  in  accelerometers,  such  as  electronic  filtering  and  high  resonance,  can 
not  always  guaranty  the  experimenters  with  repeatable  performance  and  believable  results. 

The  core  of  the  problem  has  been  identified  to  be  the  sensing  element  of  the  transducer.  All 
sensing  mechanisms  are  vulnerable  to  high-g  excitation  at  frequencies  far  above  our  point  of 
interest.  The.se  high  frequency,  high-g  transients,  although  "invisible"  to  many  recording  systems, 
are  present  in  all  close-range  pyrotechnic  events  and  metal-to-metal  impact  testings  which  are 
common  in  many  qualification  requirements. 

The  advantage  of  using  a  mechanical  filter  as  an  isolator  is  discussed.  Isolating  the  sensing 
element  (piezoelectric  or  piezoresistive)  from  high  frequency  transient  attacks  appears  to  be  one  of 
the  most  effective  design  improvements  in  .shock  accelerometer.  A  shock  transducer  design  with 
an  integral  mechanical  filter  has  allowed  the  experimenter  to  record  pyroshock  time  history  without 
zeroshift,  a  common  linearity  error  of  the  sensor  in  pyroshock  measurement.  This  piezoelectric 
accelerometer  prototype  features  both  an  input  mechanical  filter  and  an  electronic  low-pass  filter  in 
order  to  maximize  usable  bandwidth.  Calibration  data  indicate  flat  frequency  response  to  lOkHz 
with  24  dB  per  octave  roll-off  thereafter.  A  comptu-ison  of  this  unique  design  with  commercially 
available  mechanical  filters  is  also  presented.  The  survivability  of  transducers  in  high-g 
environments  has  greatly  increased  due  to  shock  i.solation  provided  by  these  filters. 
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PROBLEM  IDENTIFICATION 


All  spring-mass  type  accelerometers  have  a  finite  seismic  resonance.  To  obtain  linear  response 
from  such  a  transducer,  one  must  be  certain  that  the  input  spectrum  always  stays  within  its 
recommended  bandwidth.  As  a  general  rule-of-thumb,  the  maximum  measured  frequency  for  an 
undamped  accelerometer  is  to  be  less  than  one  fifth  of  the  transducer  resonance.  This  rule  is 
generally  well  observed  in  tne  vibration-test  community. 

Unfortunately,  the  term  maximum  measured  frequency  are  often  misinterpreted  as  the  upper  band 
of  the  Shock  Response  Spectrum  in  shock  measurement.  Since  most  Shock  Response  Spectra 
stop  at  lOkHz  or  20  kHz,  accelerometers  with  resonance  in  the  neighborhood  of  100  kHz  are 
usually  considered  adequate  for  these  applications.  It  is  however  important  to  remember  that  the 
input  spectrum  of  most  high-g  shock  measurements  contains  frequency  components  way  above 
100  kHz,  well  beyond  the  capability  of  our  modern  recording  devices.  These  high  frequency 
components  are  often  unnoticeable  until  something  occurs  during  data  acquisition;  eg.  aliasing  of  a 
digital  recorder.  The  most  commonly  used  wide-band  analogue  tape  recorder  can  only  capture  time 
history  up  to  80  kHz  (running  at  120  ips),  out-of  band  information  is  therefore  naturally  attenuated 
and  "invisible”  on  playback. 

The  problem  is  further  confused  by  the  issue  of  the  damage  potential  of  high  frequency.  It  is 
known  that  shock  inputs  above  10  kHz  seldom  cause  any  damage  to  the  test  article,  and  they  are 
routinely  ignored  in  most  data  analysis.  These  high  frequency  components,  although  posing  no 
danger  to  the  article,  seriously  affect  the  linear  operation  of  any  spring-mass  type  accelerometer. 

Recently,  a  few  papers  and  articles  have  been  published  [  1  ]  [2]  concerning  the  effect  of  ultra-high 
freauency  impulses  on  shock  measurements.  This  out-of -band  transient  phenomenon  is  referred 
to  in  the  papers  as  "Pre-Pulse".  There  are  two  types  of  shock  simulations  capable  of  generating 
near  true-impulses; 

a)  Close-Range  Pyrotechnic  Shock 

The  process  of  explosion  involves  chemical  reactions  in  a  substance  which  convert  the  explosive 
material  into  its  gaseous  state  at  very  high  temperature  and  pressure.  Most  explosives,  such  as 
Flexible  Linear  Shaped  Charge  and  pyrotechnic  bolts,  do  not  contain  as  much  energy  as  ordinary 
fuel,  but  generate  extremely  high  rate  of  energy  relea.se  during  explosion.  The  response  of  the 
structure  near  the  immediate  region  can  actually  approach  a  true  impulse  due  to  the  instantaneous 
velocity  change  at  the  explosive  interface.  As  a  result,  measuring  at  the  area  surrounding  a 
pyrotechnic  explosion  has  always  been  a  nightmare  for  engineers  and  scientists. 

Dv^pending  on  the  explosive  location  and  the  point  of  measurement,  the  amount  of  high  frequency 
energy  reaching  the  transducer  is  inversely  proportion  to  the  distance  between  them.  In  a  remote 
sensing  location  where  the  shock  wave  has  to  propagate  through  a  long  path  or  many  joints  of 
dissimilar  materials  to  reach  the  tnui.sducer,  high  frequency  components  can  be  significantly  attenuated. 

b)  Clo.se-Range  Metal-to-Metal  Impact 

Most  pyroshock  simulation  devices,  such  as  drop  towers  and  pneumatic  hammers,  rely  on  high 
velocity  metal-to-metal  impact  to  generate  the  required  shock  spectnim.  When  the  point  of  contact 
allows  very  little  material  deformation  (like  in  all  reusable  machines),  the  acceleration  response  of  the 
structure  can  also  approach  a  true  impulse.  Again,  the  response  speeffum  is  highly  dependent  upon  the 
accelerometer  l<x;ation  relative  to  the  point  of  impact. 


EFFECTS  OF  NEAR  TRUE-IMPLLSES  ON  ACCELEROMETER 


There  are  two  types  of  commonly  use  shock  accelerometers,  piezoresistive  and  piezoelectric  devices. 
Each  reacts  differently  under  the  attack  of  near  true-impulses.  Three  common  failure  modes  are 
observed: 

a)  Sensor  Failure 

Recent  new  designs  in  piezoresistive  accelerometer  have  tremendously  improved  their  usable 
bandw  idth  and  rigidity.  One  type  of  commercially  available  PR  sensor  exhibits  seismic  resonance 
above  1  MHz  [3],  leaving  quite  a  margin  of  safety  for  the  general  rule-of-thumb.  Under  the  attack  of 
delta  function  liked  impulses,  however,  the  sensor  can  still  be  set  into  resonance  (at  1  MHz)  due  to  the 
nature  of  the  input  signals.  Since  the  gage  mechanism  is  practically  undamped,  displacement  of  the 
elements  goes  out  of  control  at  resonance  and  eventually  cause  gage  breakdown.  The  result  of  this 
type  of  failure  is  complete  loss  of  data. 

Piezoelectric  sensors  are  more  robust  under  the  same  condition.  But  they  fail  in  other  fashions: 

b)  Zeroshift 

This  subject  has  been  well  examined  in  many  technical  papers  [4]  [5]  [6],  A  piezoresistive 
accelerometer  generally  does  not  exhibit  zeroshift  until  the  gage  mechanism  has  been  damaged  or  is  in 
the  process  of  deterioration.  Piezoelectric  sensors,  on  the  other  hand,  account  for  most  of  the  zeroshift 
phenomena  associated  with  transducers. 

When  a  piezoelectric  element  is  set  into  resonance,  two  things  can  happen: 

1 .  Relative  displacement  of  the  seismic  mass  can  exceed  100  times  of  the  input.  The  crystal  material  is 
overstressed  and  produces  spurious  ch:u-ge  outputs  due  to  domain  switching.  The  result  of  this  type  of 
failure  is  DC  offset  in  the  time  history. 

2.  The  crystal  material  is  not  overstressed  but  a  huge  amount  of  chtu’ge  output  is  generated  which 
saturates  or  damages  the  subsequent  electronics.  The  result  of  this  type  of  malfunction  is  loss  of  data 
or  gross  DC  offset  in  the  time  history. 

Slight  amount  of  zeroshift  in  the  time  histoiy  can  yield  unrealistic  velocity  and  displacement  during 
data  reduction.  The  real  danger  remains  that,  although  data  with  gross  DC  offsets  are  generally 
discarded,  the  minor  one  are  ac^'epted  as  good  measurements. 

c)  .Non-Linearity 

The  output  of  a  transducer  at  rc.sonance  is  sometime  non-linear  and  not  repeatable.  The  response  of  a 
saturated  charge  convener  is  also  non-linear  and  not  repeatable.  The  result  of  this  type  of  malfunction 
is  poor  repeatability  in  SRS,  leading  to  incorrect  definition  of  the  shock  environment. 


SOLUTION  TO  THE  PROBLEM  -  MECHANICAL  FILTER 


Mechanical  Filter 

An  obvious  solution  to  the  accelerometer  resonance  problem  is  to  isolate  the  sensor  from  the  high 
frequency  signals.  When  an  appropriate  material  is  placed  between  the  structural  mounting  surface  and 
the  transducer,  a  mechanical  low-pass  filter  is  formed.  The  filter  slope  of  such  an  arrangement 
approaches  12  dB  per  octave.  In  order  to  make  the  filter  effective,  the  -3  dB  comer  must  be  set  at  a 
frequency  far  below  the  accelerometer  resonance  to  insure  adequate  attenuation. 

There  are  thiee  critical  design  parameters  in  a  mechanical  filter: 

a)  First,  the  filter/accelerometer  combination  must  be  robust  enough  to  withstand  high  level  shocks. 
Many  "isolators"  rely  solely  on  the  strength  of  spring/damping  material  to  keep  the  accelerometer  in 
place. 

b)  Secondly,  the  Q  (amplification)  of  the  mechanical  filter  must  be  very  low.  Otherwise  the  linearity  of 
the  passband  data  will  suffer.  Damping  characteristic  is  a  critical  consideration  in  matching  the 
accelerometer  to  the  mechanical  filter. 

c)  Thirdly,  the  relative  displacement  between  the  transducer  and  the  mounting  surface  must  not  exceed 
the  linear  range  of  the  spring/damping  material.  When  the  accelerometer  "bottoms  out",  its  high 
I'requency  isolation  characteristic  of  the  filter  is  lost,  and  the  protection  to  the  sensor  fades. 


Existin2  Designs 

Although  there  many  shock  isolators  on  the  market  for  machine  vibration  isolation,  they  are  not 
designed  with  linearity  in  mind,  and  their  applications  are  quite  different.  A  few  foreign  and  local 
private  institutions  have  built  some  experimental  devices  for  their  own  shock  measurements,  but  none 
are  commercially  available.  These  prototypes  wen  made  out  of  exotic  materials,  such  as  rosewood 
and  cloth,  for  their  unique  damping  and  stiffness  properties;  reliability  and  repeatability  of  these 
external  filters  are  questionable.  One  of  the  accelerometer  manufacturers  does  offer  an  external 
mechanical  filter  especially  tuned  for  its  own  brand  of  tran.sducers,  but  it  is  really  intended  for  a  general 
vibration  environment. 

One  common  problem  facing  external  mechanical  filters  is  the  resonance  of  the  filter  itself.  Even  w'ith 
careful  selection  of  spring  and  damping  materials,  critical  damping  is  rarely  achieved.  Any  small 
amount  of  amplification  factor  (0)  m  an  impertectly  damped  filter  will  produce  substantial  degree  of 
amplitude  distortion  from  a  shock  input  This  distortion  manifests  itself  as  ringing  (at  the  filter's 
corner  frequency)  superimposed  on  the  accelerometer  output  signals. 

Another  problem  has  to  do  with  accelerometer  matching.  The  comer  frequency  and  the  Q  of  a  external 
filter  is  highly  .sensitive  to  the  mass  of  the  attaclied  transducer.  Minor  deviation  on  size  and  weight  can 
result  in  significantly  different  response. 

Given  the  physics  of  the  proolem  discussed  above,  ii  seems  obvious  that  if  one  can  design  a  shock 
accelerometer  to  incorporate  a  tuned  imema)  mechanical  filter  for  seii-sor  i.solation,  and  match  it  with  a 
built-in  electronic  lov  -pass  tiller  i-,.  n-n  ove  unwanted  residual  ringing  of  the  mechanical  filter,  many 
transducer  problems  in  pyroshock  mnasuremen'  can  be  avoided.  A  block  diagram  in  Figure  1  depicts 
this  concept. 


ACCELEROMETER  WITH  BUILT-IN  FILTERS 
Figure  1 


Built-in  Mechanical  Filter 


An  experimental  accelerometer  with  both  mechanical  and  electronic  filters  was  successfully  built  in  our 
Engineering  Lab. 

Based  on  a  well  established  piezoelectric  shock  sensor,  this  accelerometer  featured  a  captive 
mechanical  filter  arrangement.  Compared  to  the  model  of  an  external  filter  (Figure  2a),  this  unusual 
scheme  provided  the  transducer/filter  system  with  added  rigidity,  (see  Figure  2b)  The  transducer's 
external  housing,  which  served  as  an  enclosure  for  the  sensor  and  the  isolation  material,  kept  the 
"guts"  together  in  case  of  excessive  shock  input. 
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The  light-weight  sensor  assembly  housed  the  piezoelectric  element  and  the  hybrid  microelectronics. 
The  internal  electronic  filter,  a  two-pole  Butterwonh  low-pass,  provided  another  12  dB  per  octave  roll¬ 
off  after  the  mechanical  filter.  The  spring/''damping  material  was  meticulously  chosen  and  matched  to 
react  with  the  mass  of  the  sensor  in  a  .synergistic  fashion.  This  combination  yielded  a  mechanical  filter 
with  a  damping  coefficient  of  .20  to  .15,  and  a  resonant  frequency  of  15  kHz. 

To  attenuate  the  ~5  dB  ri.se  at  15  kHz,  the  corner  of  the  2-polc  low-pass  filter  w'as  purposely  set  at  10 
kHz  in  order  to  compensate  for  this  unwanted  peak.  The  end  result  is  shown  in  Figure  3  where  the 
solid  line  represents  the  combined  frequency  response  of  the  accelerometer,  the  single  dotted  line 
represents  the  meci.tutical  filter  response,  and  the  double  dotted  line  denotes  the  electronic  filter 
response.  This  combination  offered  a  24  dB  per  octave  roll-off  beyond  10  kHz  w'hich  effectively 
isolated  the  piezoelectric  element  and  subsequent  electronics  from  any  high  frequency  transient.  Built- 
in  electronics  also  allowed  impedance  conversion  taking  place  inside  the  minsducer,  a  desirable  feature 
for  sienal  transniission. 


.Accelerometer  Performance 


.A  frequency  response  calibration  is  shown  in  Figure  4.  The  accelerometer  h;is  an  effective  linear 
amplitude  response  from  1  Hz  to  10  kHz  within  ±1  dB.  Sensitivity  of  the  unit  is  .1  ImV/g  which 
equates  to  a  full  scale  dynamic  range  of  >50.0(X)g.  Cross-axis  sensitivity  up  to  50,000  g  is  less  than 
5Cf .  and  the  resonance  of  the  crystal  element  itself  is  larger  than  130  kHz.  The  accelerometer  weights 
3.8  grams  and  operate.s  from  a  constant  current  .source. 

One  of  the  major  concerns  regarding  the  pert'cmiance  of  the  minsducer  has  been  temperature  response. 
Since  the  material  used  for  damping  was  basietdiy  a  polymer,  frequency  characteristics  varied  v.ith 
temperature.  An  experiment  was  conducted  to  investigate  the  effect  of  temperature  using  tran.sient 
inputs  from  a  Hopkinson  bar.  The  input  transient  was  defined  to  be  about  100, 00(.)  g  peak,  and  llte 
corresponding  pulse  w  idth  was  ~70  pS.  Repcaaibility  of  the  pulse  shape  was  quite  acceptable,  but  the 
sliock  level  had  a  standard  deviation  of  5,500  g 

Figure  5  compares  the  transient  responses  of  the  accelerometer  at  75’F  and  45'^F.  The  peak  response  at 
7.^"  F  is  measured  to  he  86,000  g,  and  78.100  g  at  45''F'  (these  are  median  data  selected  from  samples 
at  approxitTiately  the  same  level  ).  The  peak  level  is  considerably  less  than  1(X),(X)0  g  due  to  filter 
attenuation.  Taking  the  vaiiabiliiy  of  input  level  into  account,  the  indicated  peak  g  at  45"F  is  9.2"r 
lower  titan  at  room  temperature. 

higure  6  shows  the  transient  ’■espouses  at  75T''  and  120  T.  1  lere  the  indicated  peak  g  at  i20"F  is 
STO^X)  g,  and  79, ()()()  g  at  75  ''F,  a  -i-5,0T.  incrca.se  in  amplitude  response. 

Pushing  the  physical  limit  of  the  damping  material,  the  same  test  was  conducted  at  150°F.  Figure  7 
s'lovss  tlie  trarv,ient  re  ■■ponses  at  75'^F  and  150"F.  At  i50“F,  the  peak  response  indicates  l(X),7fX)  g 
while  tlte  7-^  F-  shows  84,000  g,  a  +\9.99c  increase  in  apparent  response. 

t  )ur  da.ta  'ecrii-,  to  indicate  that,  within  ±3F)  F  from  ambient  temperature  (75  F),  tlie  locchanicai  filter 
di^jilays  a  >rnail  amount  of  variation.  Above  120 'F,  however,  some  correction  (a.cior  may  Ix' 

uece '  '^arv. 


Design  Liniitation 


Apart  from  the  temperature  constraint  mentioned  in  the  preceding  section,  the  accelerometer  has  another 
physical  limitation.  Referring  to  Figure  2b.  The  mass  M,  in  our  design,  is  the  sensor  of  the 
accelerometer,  and  the  mounting  surface  becomes  the  boundtiry  of  this  second  ordei  system.  The  confined 
springs/dampers  are  represented  in  this  model  by  ki,  k2,  ci  and  C2;  the  stiffness  of  the  outer  case  is 
represented  by  k3.  As  long  as  the  transmitted  force  F  to  the  sensor  does  not  cause  excessive  travel  in  ki 
and  k2,  the  system  will  behave  in  a  predictable  manner.  The  practical  displacement  limit  of  the  existing 
system  is  estimated  to  be  >  0.01 ". 

The  equation  which  relates  dynamic  range  of  the  mechanical  filter  to  the  maximum  linear  travel  of  the 
spring  mateiial  is: 


where 


t  =  maximum  travel  of  spring 
X  =  maximum  input  acceleration 
^  =  damping  factor 
(0  =  input  frequency 

(Ojj  =  resonant  frequency  of  mechanical  filter 


A  maximum  input  shock  spectuim  derived  from  this  equation  (based  on  0.01"  spring  travel)  is  shown 
in  Figure  8.  The  weakest  spot  is  understandably  at  15  kHz  where  the  filter  resonates.  The  maximum 
allowable  level  at  that  frequency  is  67,000  g.  Above  67,000  g,  the  mechanical  filter  loses  its 
effectiveness  (eg.  bottoms  out),  and  protection  to  the  sensor  ceases. 


TEST  RESULTS 


Several  prototypes  were  sent  out  for  field  evaluation.  The  first  group  were  tested  at  the  U.S.  Army 
Combat  Systems  Test  Activity,  Aberdeen  Proving  Ground,  Maryland.  The  evaluation  set-up  was  a 
classical  close-range  shock  measurement  [7|  which  involved  a  18"  x  18"  x  1.5"  steel  plate.  All  the  test 
transducers  were  hard  mounted  on  one  side  (in  the  middle),  while  the  impacts  occurred  directly  on  the 
other  .side  of  the  plate.  Types  of  excitation  u.sed  for  shock  generation  ranged  from  ball  bearing 
impacts,  blasting  caps,  to  C-4  detonation. 
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Figure  9  show  s  a  comparison  betw  een  t!ie  shock  responses  of  a  200, 000  g  piezoresistive  type 
accelerometer  and  the  prototype  with  built-in  mectianical  filter.  A  2"  ball  bearing  w  as  used  to  strike  the 
plate  and  prrxiuced  the  input  acceleration.  The  dotted  line  shows  the  response  of  the  prototype  at  about 
1,1(X)  g  peak,  whereas  the  PR  accelerometer  shows  almost  double  the  peak  g  level  tlue  to  its  wider 
bandwidth  ( I  MHz).  Fugure  10  shows  the  same  event  except  that  the  I^R  transducer  output  has  been 
filtered  at  10  kHz.  Note  the  closed  agreement  between  the  two  acceleronteters.  (the  phase  shift  could 
be  due  to  different  filter  characteristics) 

Figure  1 1  shows  the  response  of  a  typical  shcx.-k  accelerometer  measuring  the  excitation  from  a  DFP-2 
non-electric  type  blasting  cap  fO.o  gram).  A  classical  zeroshifi  occurred  2  milliseconds  after  the  blast¬ 
off.  Figure  12  shows  the  response  of  the  prototype  undei  the  same  excitation  condition;  no  DC  offset 
was  noted. 

Figures  13  and  14  show'  the  differences  in  amplitude  response  of  a  typical  shock  accelerometer  and  the 
prototype  with  mechanical  filter.  Input  excitation  was  the  detonation  of  a  M7  blasting  cap  (.9  gram) 
directlv  behind  the  sensors.  .Asain  the  transducer  without  mechanical  filter  exhibited  a  huge  amount  of 
DC  offset. 

Figure  15  show's  the  killer  -  1  oz.  of  C-4  detonated  on  the  plate.  The  experimenter  reckoned  that  the 
input  transient  could  well  be  in  excess  of  1  million  g.  Here  the  prototype  survived  the  blast,  but  the 
DC  level  has  shifted;  apparently  the  mechanical  filter  bottomed  out.  In  simihu-  tests,  other 
piezoresistive  accelerometers  had  been  destroyed  due  to  the  high  frequency  energy  content. 


Another  field  test  was  conducted  at  McDonnell  Douglas,  St.  Louis,  Missouri  where  three  prototypes 
were  mounted  on  a  test  anicle  with  28  feet  of  18  grain/ft  PETN  mild  detonating  cord.  This  test 
exhibited  tremendous  amount  of  high  frequency  energy  in  certain  directions.  Figure  16  shows  the 
response  of  one  of  the  prototypes  in  a  mild  direction.  The  Shock  Response  Spectrum  and  the  velocity 
were  said  to  be  believable. 

Figure  17  shows  the  response  in  the  vicious  direction.  Although  the  time  history  seems  nomial, 
integration  indictes  unrealistic  velocity.  Note  also  the  rising  low  end  of  the  SRS  due  to  latent  zeroshift. 
To  analyze  the  data  further,  the  Fourier  Spectrum  was  calculated  and  is  shown  in  Figure  18.  Here  an 
obvious  spike  dominates  the  FFT  plot  at  15  kHz,  indicating  that  the  filter  is  resonating. 


FUTURE  DEVELOPMENT 


There  lue  still  many  problems  to  overcome  in  making  a  perfect  shock  accelerometer.  Within  its 
limitation,  however,  this  experimental  tran.sducer  is  one  step  closer  to  the  reality,  A  patent  recently 
has  Ixten  applied  for  this  shock  transducer  design  concept ,  and  production  units  may  be  available  in 
the  near  future. 

Future  development  of  this  experimental  accelerometer  may  include  refinement  of  the  mechanical  filter 
f(,ir  better  lineanty  and  higher  dynamic  range.  Different  types  of  .sensing  elements  w  ill  Ise  investigated 
in  search  of  wider  frecjucncy  response  and  reduction  of  sensor  non-linearity.  Improvement  in 
temperature  response  of  the  mechanical  tiller  ean  also  tie  expected. 
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COMBINED  FILTER  CHARACTERISTICS 
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MECHANICAL  IMPEDANCE  MEASUREMENTS 
USING  OBLIQUE  EXCITATION 


Larn  J.  Nucci  and  Jay  R.  Reed 
Naval  Ship  Systems  Engineering  Station 
U.S.  Naval  Base,  Philadelphia,  PA  19112 


It  may  be  necessary  to  make  mechanical  impedance  measurements 
at  a  point  where  a  driving  force  cannot  be  applied  in  the 
direction  for  which  the  measurements  are  required.  This  paper 
describes  a  method  which  was  developed  and  implemented  to 
measure  vertical  driving  point  impedance  and  the  orthogonal 
axial  and  transverse  transfer  impedances  due  to  a  vertically 
applied  force  at  the  same  point.  Since  vertical  excitation  is 
not  possible,  the  structure  is  excited  in  the  transverse 
direction  and  in  a  direction  45  degrees  to  the 
ver t  i  ca I -transverse  axes.  The  forces  in  these  directions  are 
measured  along  with  motion  measurements  in  the  vertical,  axial 
and  transverse  directions.  Relationships  were  derived  from 
which  the  required  impedances  were  calculated.  The  method  was 
successfully  tried  on  a  test  structure  where  the  calculated 
results  were  compared  to  those  obtained  by  sole  vertical 
exc  i  tat  i on . 


INTRODUCTION 

It  may  be  necessary  to  make  mechanical  impedance  measurements  at  a  point  where 
a  driving  force  cannot  be  applied  in  the  direction  for  which  the  measurements  are 
required.  In  this  paper  the  requirement  is  to  measure  the  vertical  driving  point 
impedance  and  the  orthogonal  axial  and  transverse  transfer  impedances  due  to  a 
vertically  applied  force  at  the  same  point.  For  the  structure  in  question,  because 
of  space  limitations,  a  shaker  can  not  be  positioned  to  apply  this  vertical  force. 
Instead,  it  is  applied  in  the  transverse  direction  and  in  a  direction  45  degrees  to 
the  ver t  i  ca I -transverse  axes.  A  swept  sinusoidal  force  is  applied  in  each  of  these 
two  directions  and  the  vertical,  axial  and  transverse  motions  are  measured.  These 
data  are  used  to  determine  equivalent  impedances  which  should  duplicate  those 
obtained  from  sr>  I  e  vertical  excitation. 

TEST  PROCEDURE 

The  following  course  of  action  was  followed  to  develop  a  method  of  measuring  the 
impedance  in  the  vertical,  axial  and  transverse  directions  due  to  a  vertical  force 
using  oblique  and  transverse  excitation: 

1.  A  theoretical  basis  was  developed  for  measuring  mechanical  mpedance  using 
oblique  and  transverse  excitation. 

2.  An  experiment  was  conducted  to  measure  mechanical  impedance  using  obi ique  and 
transverse  excitation  on  a  large  structure. 

3.  The  results  were  compared  to  those  obtained  using  vert-cai  e«citatiori. 


The  impedance  in  the  vertical  direction  using  oblique  excitation  is  derived  as 
foil ows : 

A  force  as  a  function  of  frequency  (Fvt)  which  is  appi i ed  at  an  angle  of  45 
degrees  to  the  vertical  and  transverse  axes  v  and  t  wi I  I  have  a  directional  vector 
( 1 !  (v+t).  The  vertical  response  Vv  due  to  this  oblique  force  can  be  written 

Vv  =  Vvv  -*•  Vvt  ( 1  ) 

where  Vvv  is  the  vertical  velocity  due  to  the  vertical  force  component  Fv  and  Vvt 
IS  the  vertical  velocity  due  to  the  transverse  force  component  Ft.  The  oblique 
force  Fvt  is  appI i ed  at  a  45  degree  angle  to  the  v  and  t  axes.  Therefore 

Fv  =  Ft  =  Fvt/  'fl  (2) 

From  equations  (2)  the  vertical  velocities  Vvv  and  Vvt  can  be  expressed  as 

Vvv  -  ‘3) 


"  I  FtilTTi 


Substituting  equations  (3)  and  (4)  into  equation  (t) 

V,  =  vvv  V  Vvt 


Dividing  the  vertical  response  (equation  (5>)  by  the  oblique  excitation  Fvt 
yields  the  mobility  transfer  function 


Vvv  -I-  Vvt  _ 

Fvt  V 


,4  ( 


Fvt  2t'2\Fv  Ft, 

The  vertical  mobility  becomes 


Vvv  _  vl 
Fv 


/  Vvv  Vvt\  /  Vvt  'i 

\  Fvt  /  I  Ft/ 


The  quantities  in  parenthesis  are  the  measured  forces  and  vertical  velocities. 
Inverting  equation  (7)  yields  the  vert. cal  driving  point  impedance  without  needing 
to  apply  a  sole  vertical  force. 


2iT  !  Vv-  *  ''vt\ 

-  ( 

-  ^ 

(8) 

L  V  Fvt  i 

Similarly,  the  driving  point  transfer  impedances  m  the  axial  and  transverse 
directions  due  to  a  vertical  force  Fv  are 


I'T'  ( Vav  Vat\ 
V  Fvt  } 


where  Vav  and  Vat  are  the  axial  velocities  due  to  the  vertical  force  component  Fv 
and  the  transverse  force  component  Ft  of  the  force  appi i ed  at  45  degrees  to  the 
vertical  and  transverse  axes  and 


Fv 

Vtv 


(10) 


ipr  / Vtv  +  vtt \ 

f— V 

L  V  Fvt  / 

V  Ft/. 

where  Vtv  and  Vtt  are  the  transverse  velocities  due  to  the  vertical  force  compcnent 
Fv  and  the  transverse  force  component  Ft  of  the  force  Fvt  appi  i  ed  at  45  degrees  to 
the  vertical  and  transverse  axes. 

A  large  structure  was  excited  from  0-256  Hz  with  an  electromechanical 
shaker  and  all  force  and  motion  measurements  were  made  at  the  excitation  point. 

A  block  diagram  of  the  instrumentation  system  is  shown  in  Figure  1. 
Figures  2  and  3  compare  the  oblique  and  direct  measurement  of  the  vertical  driving 
point  impedance  and  mob ility.  Figure  4  shows  the  functions  measu r ed  to  obtain 
oblique  vertical  mobility,  in  figures  2  and  3  the  dotted  function  represents  the 
results  obtained  by  the  direct  method  where  the  force  as  a  function  of  frequency  is 
applied  vertically  and  the  motion  is  measured  vertically.  The  solid  line  function 
is  obtained  from  vertical  motiun  measurements  caused  by  measured  forces  applied  45 
degrees  to  the  vertical  and  transverse  axes  and  transversely  applied  forces.  The 
data  were  processed  to  yield  the  vertical  driving  point  impedance  and  mobility. 
Figures  5  and  6  compare  oblique  and  direct  measurements  of  axial  and  transverse 
driving  point  transfer  impedances. 


RESULTS  AND  DISCUSSION 

The  impedance  in  Figures  2,  5  and  6  is  presented  on  log  scale.  For  an 
alternate  method  of  comparison  between  oblique  and  direct  method  of  vertical 
driving  point  measurements,  the  vertical  mobility  (the  inverse  of  impedance)  is 
plotted  on  a  linear  scale  in  Figure  3.  The  functions  measured  to  obtain  the 
oblique  vertical  mobility  are  aiso  plotted  on  a  linear  scale  in  Figure  4. 

It  can  be  seen  from  the  figures  that  good  correlation  was  achieved  between 
oblique  and  direct  measurements  throughout  the  frequency  range  of  interest. 

(0-256Hz) .  The  oblique  impedance  measurement  is  a  valid  substitute  for  direct 
measurements  where  a  driving  force  cannot  be  applied  in  the  direction  for  which  the 
measurements  are  required. 


ACCELEROMETER 


Figure  1  -  Instrumentation  Diagram 
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Figure  2  ~  Cc«iparison  of  Oblique  and  Direct  Measurements  of  Vertical  Impedance  (FvA^) 


Ison  of  Cfolique  and  Direct  Measurements  of  ■-■  r’  i.c,:;!  Mobility  (Vw/Fv) 


(V\^/PV)  y2  [(Vw  +  VvDA'Vtj  -  (Vvt/Ft) 


Functions  Measured  to  Cbtaxn  Vertical  Mobility  (Vw/Fv) 
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SIMULATING  VEHICLE  DYNAMICS: 

THE  IMPORTANCE  OF  A  VALID  FORCING  FUNCTION 


G.  L.  Ferguson 
Sandia  National  Laboratories 
Albuquerque,  NM  87185 


The  recent  evolution  of  vehicle  systems  has 
required  they  be  structurally  sound  with  minimum 
weight.  Historically,  a  trial  and  error  approach 
to  marketing  a  vehicle  was  used.  The  1970s  saw 
mainframe  computers  speed  the  vehicle  design 
process.  In  the  early  1980s  simulating  vehicle 
dynamics  became  the  accepted  design  procedure.  The 
forcing  function  used  in  this  technique  is  also  its 
major  drawback.  This  paper  summarizes  the  results 
of  one  sled  vehicle  used  in  a  detailed  study  done 
at  the  U.  S.  Air  Force's  High  Speed  Test  Track. 
The  study  concluded  that  results  from  simulation 
studies  are  valid  only  if  an  accurate  forcing 
function  is  used. 


HISTORY  OF  VEHICLE  DYNAMICS 

The  recent  evolution  of  vehicle  systems  has  required  the  system  to  be 
structurally  sound  with  minimum  weight.  This  requirement  has  been 
levied  in  an  effort  to  extract  extra  performance  safely  from  an 
existing,  or  even  smaller,  powerplant.  The  procedures  used  during  the 
parametric  studies  of  these  requirements  place  further  cemands  on  the 
vehicle  system  design.  These  new  demands  require  that  the  vehicle 
operate  within  certain  environmental  constraints;  i.e.,  deflection, 
velocity,  or  acceleration.  These  constraints  are  usually  placed  on 
the  system  for  payload  protection. 

The  time  honored  solution  sequence  has  been  to  build  a  prototype  after 
some  preliminary  analysis.  Once  built,  the  prototype  is  then  tested. 
This  procedure  is  then  iterated  until  an  acceptable  product  has  been 
achieved.  However,  the  competitive  market  place,  in  both  the 
commercial  and  defense  sectors,  has  dictated  new  products  reach  the 
customer  sooner  with  less  development  and  testing  costs.  The  advent 
of  powerful  mainframe  computers  and  maturing  finite  element  analysis 
packages  in  the  1970 's  assisted  the  designer  in  reducing  the  number  of 
prototype  development  iterations.  The  engineer  then  became  able  to 
perform  sophisticated  transient  response  analyses  on  the  system  to 
determine  its  response  to  loading  situations  prior  to  the  first 
prototype  having  ever  been  built.  Hence,  the  engineer  was  closer  to 
final  design  before  ever  entering  the  shop  and  eliminated  many  build 
and  test  iterations  with  their  associated  costs. 
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Three  particular  drawbacks  exist  with  using  the  transient  response 
solution  technique.  The  first  drawback  is  the  cost.  The  program  must 
perform  a  full  modal  analysis  at  each  time  step  for  the  given  loading. 
This  modal  extraction,  especially  for  large  finite  element  models, 
requires  large  computational  machines  and  significant  cpu  time.  This 
equates  with  large  costs  considering  a  simple  transient  analysis  can 
encompass  more  than  one  hundred  time  steps.  The  second  negative 
aspect  of  transient  response  analysis  is  the  problem  definition.  The 
designer  must  have  an  in-depth  knowledge  of  structural  dynamics  and 
the  statistical  processes  used  in  the  formulation  of  this  type  of 
analysis.  In  other  words,  the  designer  must  knov/  how  to  properly 
define  the  auto-  and  cross-correlational  terms  necessary  to  relate  the 
various  portions  of  the  system-  For  complicated  sy^i.ems  these  are 
GP.erally  not  Icnown  until  the  system  has  been  built  and  tested  and 
hese  quantities  have  been  measured.  Finally,  transient  analysis 
echniques  are  not  particularly  well  sui^^ed  to  handle  system  non- 
incarities,  which  have  always  been  prevalent  in  vehicle  design. 
GcausG  of  these  reasons,  the  transient  response  solution  is  not  a 
lable  option  until  late  in  the  design  phase  and  generally  paj.allcl3 
he  first  prototype  construction. 

second  technique  is  gaining  widespread  acceptance  for  the  solution 
f  vehicle  dynam.ic  response  problems.  This  technique  is  known  as 
odal  reduction,  or  m.ore  com.monly  as  modal  synthesis  [1,2,3].  The 
remise  behind  modal  synthesis  is  that  the  system  response  can  be 
ecoupled  into  a  rigid  body  response  and  an  elastic  vibration  response 
(see  Figure  1;.  This  decoupling  allows  a  generalized  suspension 
smyst--:::-  to  be  defined  which  delineates  the  rigid  body  system  response. 

The  rigid  body  portion  of  the  system  is  comprised  of  masses,  springs, 
and  dcipers.  Typically  for  an  automobile,  these  would  be  the  tires, 
springs,  and  shocks  that  comprise  the  suspension  systemi.  The  ability 
tr-  -letine  non-l'noar  elements  is  particularly  convenient  for  this  area 
cT  the  -/ehicJe. 

l;,o  rest  of  the  vehicle  can  then  he  exa.min?-d  as  a  normal  pinned-pinned 
■/i  bra  ting  system;..  This  assum.ption  requires  only  one  m.odal  extraction 
’  pc.:'f;orr,ed  on  the  vibratinq  portion  of  the  vehicle.  The  total 
'  .::ystG;i  '-an  ttien  be  define.!  by  generalized  compcnents  of  the 

.ibrj''ir.g  system  5;uper i m.posed  on  the  rigid  body  system. 

T process  used  in  this  solution  technique  is  to  derive  the  equations 
or'  motion,  qeroerally  through  a  LaGrangian  f  orm.ul  at  ion ,  and  then 
.te:';rate  tiiese  tii^rough  the  time  domain.  The  equations  arc  developed 
t.  y  examhn.ng  a  st.atic  froe-body  of  the  system  at  a  given  instant  of 
time.  Knovirig  all  the  loads  subjected  to  the  vehicle,  the  equivalent 
i  rt- 1  a  ]  forces  required  to  put  the  system  into  equilibrium  can  be 
f'h'.ind.  These  acceleration  components  can  then  be  integrated  once  into 
■ ’o  i o:.  i  t.  y  an  l  then  f  gain  i.nto  displacements.  Knowing  the  magnitude  of 
tfv  :  accrlcrat  ions ,  velocities,  and  displacements  at  the  susponsicn 

'■iemc'its,  equivalent  inertial,  damping,  and  spring  forces  can  be 
a  1 'hj  ]  ated  to  modify  the  static  free-body  for  the  next  instant  of 
time.  .'lystcm  non-linearities  can  then  be  introduced  by  the  definition 
of  ‘-.fw  su-.p^rns  i  on  properties,  usually  a  non-linear  force  displacement 
r‘'  lat  ioi,  osip  ^ha*:  rf;rc: Oisents  the  sparing  stiffness.  The  app.eal  cf  thii. 


FIGURE  I  IDEALIZED  SLED  MOTION 


approach  is  that  a  rough  design  for  the  suspension  can  be  done  early 
in  the  process  and  refined  later  when  the  modal  parameters  of  the 
vehicle  structure  are  defined. 

The  application  of  this  technique  then  hinges  on  the  definition  of  an 
external  forcing  function.  Typically,  this  is  introduced  as  a  surface 
irregularity  the  vehicle  travels  over  and  which  drives  the  suspension 
elements.  However,  by  minor  adaptation,  this  surface  irregularity  can 
be  expressed  as  an  acceleration,  velocity,  or  load  profile  as  easily 
as  a  displacement  profile. 

FORCING  FUNCTION  DEFINITION 

It  is  at  this  point  that  the  various  modal  synthesis  solution 
sequences  differ.  The  differences  hinge  on  the  definition  of  the 
irregular  surface  over  which  the  vehicle  must  travel.  Early  work  in 
this  field  assumed  a  given  profile,  and  these  were  generally  limited 
to  sine  waves  of  varying  amplitude  and  period  length. 

Recently,  the  Air  Force  has  sponsored  several  studies  [4,5]  on 
aircraft  landing  gear  response  to  runway  impacts  and  to  aircraft 
taxiing  on  bomb  damaged  runways.  Specific  surface  roughnesses  for 
these  studies  are  shown  in  Figures  2  and  3  for  the  bomb  damaged 
runways.  These  are  shown  as  step  inputs  representative  of  the  mats 
used  to  repair  the  runway.  The  study  of  Figure  3  was  to  determine  the 
effectiveness  of  an  actively  controlled  landing  gear  responding  to 


Velocity  =  4i|  ft/sec  =  constant 
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FIGURE  2  RAMP  PROFILE  FOR  DA.MAGED  RUNWAY 


Velocity  =  60  ft/sec  =  constant 
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FIGURE  3  STEP  PROFILE  FOR  DAMAGED  RUNWAY 


Velocity  =  120  ft/sec  =  constant 
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FIGURE  4  ACTUAL  RUNWAY  PROFILE 


this  step  input-  This  study  was  repeated  using  an  actual  runway 
profile  shown  in  Figure  4. 

The  offshoot  of  these  studies  raises  the  basic  cjuestion,  "Just  how 
important  is  the  definition  of  the  forcing  function  on  the  simulation 
results?"  This  question  took  on  added  significance  after  a 
preliminary  study  of  the  rail  used  to  guide  rocket  sleds  at  the 
Holloman  High  Speed  Test  Track  [6].  Final  results  of  this  study 
indicated  that  the  rail  could  be  characterised  by  any  of  nine  distinct 
rail  profiles. 

These  profiles  were  obtained  by  surveying  specific  areas  of  the  track 
at  one  foot  intervals  for  a  minimum  distance  of  50  feet.  Since  the 
rail  is  supposed  to  be  a  straight  line,  a  least  squares  best  fit  line 
was  rem.oved  from  the  raw  survey  data.  The  residuals  after  the  line 
removal  were  classified  as  "rail  roughness".  The  extent,  or  rank,  of 
the  rail  roughness  is  defined  by  the  standard  deviation  of  the 
residuals.  Two  of  these  nine  rail  profiles  are  shown  depicted  in 
Figures  5  and  6. 

Subsequent  frequency  domain  analysis  of  the  rail  roughness  data 
indicated  significant  power  resided  at  locations  repr -sented  by 
physical  rail  construction  details.  For  example,  the  "ail  is 
comprised  of  39  foot  sections  joined  together  by  welds  that  have  been 
ground  smooth.  The  entire  rail  length  is  aligned  vertically  and 
horizontally  every  52  inches  by  tie  downs.  Each  of  these  distances 
Fianifest  themselves  as  the  two  largest  spectral  components  in  the 
frequency  domain.  These  frequency  dependent  rail  functions  then  raise 
the  possibility  of  exciting  a  sled  mode  at  an  appropriate  velocity. 
For  instance,  if  a  sled  had  a  fundamental  vibration  mode  of  15  hertz 
and  was  traveling  at  3000  ft/sec,  could  a  track  undulation  of  200  feet 
drive  this  mode  into  resonance?  This  question  of  long  distance  rail 
periodicity  drove  the  need  for  additional  surveys  at  distances  greater 
than  the  original  50  foot  survey  length.  Figures  7  and  8  show  two 
profiles  that  were  found  to  have  periodic  content  of  approximately  200 
foot . 

These  questions  were  answered  by  examining  results  of  a  study 
performed  at  the  Test  Track  for  sled  slipper  force  predictions.  The 
simulations  were  performed  on  an  in-house  computer  program  written 
specifically  for  the  Track  called  DASTARR  [2]. 

SIMUJLATIOHS  AND  RESULTS 

The  simulation  series  consisted  of  running  constant  velocity  computer 
sled  runs  over  a  simulated  track  distance  of  4000  feet  for  each  of  the 
nine  rail  profiles.  The  4000  foot  simulation  distance  has  been 
determined  to  be  the  optimum  distance  to  travel  in  order  to  maximize 
the  slipper  loads.  In  an  effort  to  reduce  the  permutations  available 
for  mixing  the  nine  rail  functions,  it  was  decided  to  use  the  same 
function  for  each  rail  and  stagger  the  start  points  by  a  specified 
increment . 

The  simulations  were  performed  using  the  verified  math  model  of  the 
PA,f^JET  Mission  Sled.  This  sled  was  a  special  purpose  dual  rail  sled 
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(an  84  ir.  ;:h  gage  between  rails)  designed  to  carry  either  rainjet  or 
ccranjet  engines  at  speeds  up  to  Mach  3.5.  Special  instrumented 
slipper  pins  w'ere  used  to  mount  the  sled  to  the  slippers  so  the  actual 
slipper  foi'ces  could  be  measured.  Those  instrumented  slipper  pins  had 
previously  been  statically  calibrated  to  within  one  percent  of  known 
load  applications  in  a  lab  setting.  Several  sled  runs  were  made  at 
v'^locities  up  to  Mach  1.81.  Data  from  these  runs  were  compared  for 
consistency  and  functionality  of  the  slipper  pins  in  a  dynamic 
e  n  V  i  r  o  n  m  e  n  i., . 

There  were  a  total  of  17  velocity  conditions  examined  for  the  Ramjet 
;led.  These  represented  conditions  from  Mach  0.85  to  Mach  1.81  under 
acceJeraticn  loads,  back  through  Mach  0.85  coasting.  Each  of  these 
slipper  computer  sim.ulation  results  were  compared  to  actual  measured 
slipper  -iata  taken  at  that  velocity  condition  for  this  sled.  Typical 
results  of  this  study  are  shown  fc^r  one  slipper  in  Figure  9.  The 
30j...d  liras  represents  the  actual  measured  forces,  and  the  symbols 
represent  the  various  rail  profile  predicted  forces.  Notice  from,  the 
figure  tlmot  the  general  tre^nd  (regardless  of  velocity)  is  the  rougher 
the  rail,  the  larger  the  force  predictions. 

Tno  c'jp.ditions  were  analyzed  statistically  to  determine  the 
p6:rcentage  deviation  from  the  actual  measured  forces  for  the  run  as  a 
whole.  ihe  standard  deviation  about  the  average  deviation  was  also 
calculated.  These  results  are  shewn  in  Figure  10.  The  conclusions 
dr  j'wn  from,  the  statistical  results  are  the  same;  the  average  deviation 
t-r.ds  to  increase  with  increasing  rail  roughness.  Similarly,  the 
standard  deviation  increases  with  rail  roughness.  The  results 
discussed  so  far  were  for  the  dual  tail  sled  under  rigid  body  motion 
of  the  sin-rension  only.  These  results  repeat  when  modal  participation 
of  the  sled  body  is  added.  This  same  phenomenon  is  seen  for  monorail 
sleds  also. 


.••esults  of  the  actual  sled  foj-ces  and  the  simulation  studies  were  also 
nnilyzcd  Ir.  the  frequency  domiain.  Examanat ions  of  the  PSDs  for  the 
.'.otual  force  data  (Figure  11)  is  almost  identical  with  that  of  the 
rigid  body  simulations  (Figure  iw).  As  expected,  specific  track 
inJuced  frcauency  content  was  manifest  in  the  PSDs.  The  frequency 
sr.own  at  42  hertz  in  both  of  these  f’’  .res  corresponds  to  the  39  foot 
rail  ic.igth.  The  3  0  hertz  frequency  xs  the  50  foot  data  survey  length 
fsi'ini  looped  end-to-end  to  generati:;  the  4000  foot  rail  distance  the 
e.led  travels  over.  The  52  inch  tie  down  spacing  would  occur  at  370 
hertz  for  this  velocity,  hence  it  is  not  seen  in  these  figures. 

An  i  n  t  c-- res  t  i  ng  developr.ent  occurred  during  this  study.  At  one 
pirticuiar  point  on  th*;-  traci;,  a  front  slipper  showed  a  severe  force 
spike  (sec  Figure  13)  that  repeated  run  after  run.  The  project 
engineer  v/as.  o'urious  to  know  whether  the  spike  could  be  resolved  to  a 
"■.pcisific  track  location  and  wliether  it  co'.Tld  be  simulated  if  it  :^ell 
wirhin  one  of  the  defined  rail  profiles.  Using  the  trajectory 
analysis,  it  was  determined  that  the  spike  occurred  somewhere  between 
Track  Ota*-  ion  (To)  12020  and  12035.  By  luck,  it  happened  that  this 
section  of  track  was  contained  w'ithin  the  rail  profile  designated 
os>p-.h  ITs.nm  .--.ail  top. 
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A  simulation  was  made  using  this  rail  function  at  a  velocity- 
consistent  with  the  sled  velocity  that  created  the  force  spike.  This 
force  tine  history  is  shown  in  Figure  14.  Note  the  twin  spikes  that 
recur  every  quarter  second.  This  tine  interval  corresponds  to  400 
eet  of  track  at  this  velocity.  This  rail  profile  used  a  survey 
istance  of  400  feet  that  was  looped  to  generate  the  4000  foot  rail, 
xanining  the  tine  into  the  simulation  where  the  larger  spike  occurred 
and  comparing  this  to  survey  data,  it  was  deter-mined  that  tha  spike 
occvirred  at  TS  12027-12029  (see  Figure  5)  ,  which  is  insld.;,  Lhe 
previously  ascertained  envel'^pe  for  this  occurrence. 

co:;cLusioNS 

Based  on  the  simulations  done  for  estii.iuL ii.g  tiauk  dynai.iics  for  both 
dual  rail  and  monorail  sleds,  it  is  apparent  that  the  program  used  to 
simulate  the  vehicle  dynamics  yields  results  that  are  correlated  to 
actual  data  both  in  the  am.plitude  and  frequency  domain.  However,  the 
results  of  the  simulation  are  strongly  dependent  on  the  irregular 
profile  used  as  the  forcing  function.  Results  deviated  bv  as  much  as 
100  percent  from  that  measured;  therefore,  for  accurate  sim.ulated 
results  an  accurate  forcing  function  must  be  defined. 

Conversely,  if  an  accurate  forcing  function  is  known,  sim.ulation 
studies  can  be  performed  to  assess  the  effects  of  artificially 
snoot'-;  ing  the  profile.  This  is  extremely  beneficial  for  the  Test 
Track  to  decide  the  benefits  of  selectively  grinding  the  rail  to 
smoothen  it  and  hence  to  lessen  the  dynamic  loads  that  might  be 
transmitted  to  a  test  article. 
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UNDERLYING  ASSUMPTIONS  IN  THE  DEVELOPMENT 
OF  TRACKED  VEHICLE  VIBRATION  SCHEDULES 

William  H.  Connon  III 
US  Army  Combat  Systems  Test  Activity 
Aberdeen  Proving  Ground,  MD 


Because  tracked  vehicle  data  has  energy  concentrated  at 
certain  speed  relatea  rrequencies,  a  swept -narrow-band- 
random-  on-  random  laboratory  test  is  used  to  simulate  the 
entire  speed  range  of  operation  of  the  vehicle.  As  a  matter 
of  test  convenience,  the  data  (Power  Spectral  Densities) 
from  a  small  range  of  speeds  are  grouped  together  to  form  a 
phase.  The  consequence  of  this  grouping  process  can  be  an 
addition  of  unintended  conservatism  to  the  root  mean  square 
acceleration  level  of  rhe  test  and  the  assumption  of  a  time- 
speed  distribution  which  may  be  unrealistic. 


INTRODUCTION 

Because  tracked  vehicle  data  has  energy  concentrated  at  certain  speed  related 
frequencies,  a  swept-narrow-band- random-on-random  laboratory  test  is  used  to 
simulate  the  entire  speed  range  of  operation  of  the  vehicle.  The  speed- frequency 
relationships  are  as  follows; 

fl  =■  k*s  (eqn  1) 

f2  »  2*fl 

f3  -  3*fl 

f4  -  4*fl 

f5  «  5*fl 

v'here ; 

fi  -  harmonic  frequency 

k  -  factor  related  to  track  pitch  (constant  for  a  given  vehicle) 
s  —  speed 

Rather  than  conduct  a  s-^parate  test  to  simulate  each  speed  independently,  it 
is  convenient  to  group  data  (Power  Spectral  Densities)  from  a  small  range  of  speeds 
to  form  a  test  phase.  When  grouping  speeds  together  to  create  a  vibration  schedule, 
harmonics  from  higher  speeds  can  overlap  higher  harmonics  from  lower  speeds  creating 
control  system  problems.  It  can  be  shown  that  overlapping  will  occur  if: 

s(k)  >=  n/(n-l)*s(i)  (eqn  2) 

where : 

s(k)  and  s(i)  are  speeds  and  s(k)  >  s(i) 
n  -  number  of  harmonics  present  in  the  data 

An  example  is  shown  in  figure  1. 

A  computer  program  is  used  to  determine  where  overlapping  will  occur  based  on 
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tl'ie  above  equation  and  the  knowledge  of  the  number  of  harmonics  present  at  each 
speed  (from  examination  of  the  PSD's).  The  program  checks  this  harmonic  matrix  for 
the  occurrence  of  overlapping  and  separates  the  speeds  into  test  groups  without 
overlapping.  Only  speeds  with  similar  numbers  of  harmoTiics  are  placed  in  the  same 
group.  The  technique  currently  used  when  grouping  is  to  assign  the  PSD  level  of  the 
average  plus  one  standard  deviation  of  the  PSD  values  used  in  the  grouping  of  each 
of  the  harmonics  limited  by  the  largest  PSD  value  in  that  harmonic  (which  normally 
has  the  effect  of  enveloping  the  data  for  small  sample  sizes  such  as  3  or  4  speeds) . 
The  bandwidth  assigned  is  the  bandwidth  from  the  center  frequency  of  the  lowest 
speed  to  the  center  frequency  of  the  highest  speed  at  each  harmonic .  An  example  of 
typical  tracked  vehicle  data  for  three  speeds  which  form  a  group  (test,  phase)  are 
shown  in  figure  2  while  the  schedule  derived  from  this  group  is  shown  in  figure  3. 
Because  of  the  relationships  developed  in  the  first  equations,  it  can  be  shown  that 
this  technique  results  in  bandwidths  at  each  harmonic  which  are  integer  multiples  of 
the  first  bandwidth  developed. 

A  smaller  bandwidth  is  selected  within  each  of  the  harmonic  bands  and  is  swept 
acro.ss  the  band  to  simulate  changing  vehicle  speed  within  the  speed  range 
represented  by  the  test  phase.  Selection  of  the  width  of  this  swept  band  has  a  great 
influence  on  the  ability  of  the  control  system  to  update  the  control  spectrum. 


DISCUSSION 


For  the  control  systems  currently  in  use  at  USACSTA,  the  relationship  between 
the  width  of  the  bands,  the  number  of  averages  per  control  loop  and  the  sweep  rate 
for  each  swept  narrow  band  can  be  described  by:  (1) 

SWRT  -  {T*df)/(NS*(1.27*NAVLPi-6.0)*SWRES)  (eqn  3) 


where : 
SWRT  - 
T 

df 

NS 

NAVLP  - 
SWRES  - 


number  of  loops  before  updating  a  frequency  line 

test  duration  in  seconds 

frequency  resolution  in  Blocks/sec 

number  of  narrow  band  sweeps 

number  of  input  averages  per  control  loop 

number  of  frequency  lines  to  be  changed  in  a  narrow 

band  during  one  sweep  (frequency  lines/sweep) 


The  value  SWRES  can  be  further  defined  as; 


SWRES  -  (TBW  -  SBW)/deltaf 


where : 
SWRES  - 
TBW 
SBW 

deltaf— 


number  of  frequency  lines  to  be  changed 
total  width  of  band  to  be  swept,  Hertz 
width  of  sweeping  band  within  total  band.  Hertz 
frequency  resolution,  Hertz 


(eqn  4) 


A  requirement  of  the  operating  system  is  that  the  number  of  loops  before 
updating  a  frequency  line  (SWRT)  must  be  two  or  greater  to  allow  time  for  the  drive 
to  equalize  after  updating  the  narrow  band  spectrum.  By  assigning  a  value  of  2.1  to 
SWRT  (any  value  of  2  or  greater  is  acceptable)  and  assuming  a  deltaf  (and  thus  a  df) 
of  1  Hertz,  equation  3  can  be  rewritten  to  indicate  the  required  test  time  as  a 
function  of  the  number  of  averages  per  loop,  the  number  of  narrow  band  sweeps,  the 
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total  width  of  the  band  to  be  swept  and  the  width  of  the  sweeping  band  within  the 
total  band  a^  follows; 

T  -  2.1*NS*(TBW-SBW)*(1.27*NAVLP+6.0)  (eqn  5) 

The  effect  on  the  required  test  time  as  a  function  of  any  of  the  variables  in 
equation  5  can  be  computed  and  plotted,  but  the  relationship  between  the  swept 
bandwidth  and  the  total  bandwidth  and  that  effect  on  test  time  are  of  concern  for 
this  paper.  Two  tj'pical  conditions  were  chosen  as  examples.  The  first  is  a 
"minimum  acceptable'  condition  of  one  sweep  using  six  averages  per  loop.  The  second 
chosen  was  a  "desirable"  condition  of  two  sweeps  and  eight  averages  per  loop.  The 
required  test  time  was  computed  based  on  the  swept  bandwidth  being  1/2,  1/3,  1/4  or 
1/5  of  the  total  bandwidth  with  the  total  bandwidth  varying  between  6  and  72  Hertz. 
The  required  test  times  for  the  two  conditions  are  shown  in  figures  4  and  ,  It  is 
evident  that  the  required  test  time  is  Inversely  proportional  to  the  ratio  of  the 
swept  bandwidth  to  the  total  bandwidth  and,  for  any  given  ratio,  is  a  linear 
function  of  the  total  bandwidth.  Thus,  the  sweeping  bandwidth  normally  chosen  for 
test  control  optimization  is  one-half  the  total  bandwidth.  In  addition  to  requiring 
the  least  test  time  (enabling  the  number  of  sweeps  or  averages  per  loop  to  be 
increased),  the  use  of  this  ratio  and  the  constraint  that  the  first  harmonic  total 
bandwidth  be  an  even  number  provides  an  ease  of  construction  of  tht  remainder  of  the 
schedule . 

Since  this  bandwidth  is  chosen  as  a  matter  of  test  convenience  and  control  and 
is  done  without  regard  to  the  actual  bandwldths  of  the  original  data,  conservatism 
can  be  added  to  the  schedule  unknowingly.  The  amount  of  conservatism  is  directly 
proportional  to  the  number  of  different  speeds  used  to  form  a  test  phase  and  is  a 
result  of  the  test  schedule  bandwidth  being  larger  than  the  original  data  bandwidth. 
Figure  6  depicts  rms  values  from  a  typical  test  schedule  (with  an  exaggeration 
factor  applied)  and  actual  rms  values  from  which  the  schedule  was  derived.  The  same 
Information  is  shown  with  symbols  rather  than  solid  lines  in  figure  7  to  more  easily 
display  the  number  of  speeds  used  in  each  test  phase.  A  conservatism  ratio  can  be 
computed  from: 

CR  -  (schedule  rms/actual  rms)/Yef  (eqn  6) 

where : 

CR  -  conservatism  ratio 

schedule  rms  -  rms  value  from  schedule  test  phase 

actual  rms  -  maximum  rms  value  from  speed  group  used 
in  test  phase 

ef  -  exaggeration  factor  used  to  reduce  test  time 

The  conservatism  ratio  will  have  a  value  of  1  if  no  unintended  conservatism 
has  been  built  into  the  schedule  by  speed  grouping.  The  effect  of  the  niomber  of 
speeds  used  in  a  group  on  the  conservatism  ratio  is  shown  in  figure  8.  The  increase 
in  the  ratio  is  caused  by  the  Increase  in  the  total  bandwidth  due  to  the  spread  of 
frequencies  represented  by  the  speeds  and  the  increase  in  the  swept  bandwidth  as  a 
function  (1/2)  of  the  total  bandwidth. 

Bandwidth  data  from  several  locations  of  a  particular  tracked  vehicle  were 
analyzed  to  determine  the  actual  bandwidths  which  occur  during  vehicle  operation. 
Bandwidth  data  from  one  particular  location  are  plotted  as  a  function  of  center 
frequency  for  each  of  the  harmonics  in  figures  9  through  12  to  show  an  apparent  lack 
of  correlation  between  bandwidth  and  the  center  frequency  at  which  it  appears.  When 
the  bandwldths  are  plotted  as  a  function  of  the  harmonic  number  (figure  13),  some 
scatter  is  apparent  at  each  of  the  harmonics,  but  a  trend  is  apparent.  Average 
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bandwidth  data  from  several  locations  are  shown  as  a  function  of  the  harmonic  number 
in  figure  14  illustrating  a  slight  increasing  trend  with  bandwidths  ranging  from 
approximately  5  to  7  Hertz.  Confidence  limits  (95%)  are  shown  for  the  bandwidths  of 
each  of  the  harmonics  in  figure  15  based  on  a  sample  size  of  192  for  the  first  and 
second  harmonics  dowm  to  13  for  the  fifth  harmonic  (which  affects  the  spread  of  the 
limit).  Although  the  data  presented  are  from  a  particular  vehicle,  the  values  are 
typical  of  tracked  vehicles  in  general  and  should  be  considered  whe’^  'schedules  are 
developed . 

Another  problem  associated  with  speed  grouping  during  the  development  of 
vibration  schedules  is  the  assumption  of  a  time-speed  distribution  which  may  not 
represent  the  actual  distribution.  As  an  aid  to  test  control,  test  times  for  each 
test  phase  are  identical.  Since  the  test  phases  represent  specific  vehicle  speeds,  a 
simulated  vehicle  speed  distribution  is  arbitrarily  established.  An  actual  speed 
distribution  taken  from  speed  data  measured  during  operation  on  a  paved  road  is 
shown  in  figure  16  and  is  superimposed  on  the  speed  distribution  simulated  by  a 
typical  schedule  in  figure  17.  It  has  been  shown  previously  chat  m.inimum  test  times 
of  several  minutes  are  required  to  achieve  reasonable  test  control  (averaging  and 
sweeping);  therefore,  it  is  necessary  to  overuse  the  data  from,  the  lower  speeds  in  a 
test  schedule.  It  has  been  standard  practice  to  apply  the  same  exaggeration  factor 
(same  time  compression)  to  ell  phases  of  a  schedule.  It  is  possible  to  tailor  this 
practice  and  apply  ulfferent  factors  to  the  variou-  test  phases  tc  achieve  both  a 
reasonable  test  time  and  a  realistic  time-speed  distribution.  Awareness  of  the 
underlying  assumption  of  speed  distribution  from  speed  grouping  and  test  phase 
duration  and  an  estimation  of  the  actual  distribution  can  produce  more  reasonable 
results . 


CONCLUSION 

It  can  be  concluded  that  the  underlying  assumptions  made  when  developing 
vibration  schedules  can  have  a  dramatic  effect  on  the  ability  of  the  schedule  to 
simulate  the  real  environment  and  must  be  considered  along  with  test  convenience  and 
control  during  the  development  process. 
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.:iooochD'/EF»-APPING  PHASES  OF  A  TRACKED  VEHICLE  SCHEDULE 


o 

o 

o 

o 

o 

o 

in 

(U 

o 

o 

o 

in 

(U 

o 

o 

o 

lO 

OJ 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

zH/aos  0  -  asd 


5.00  10.00  20.00  50.00  100.00  200.00  500. GC 

FREQUENCY  -  HERTZ 

Over  lapping 


TYPICAL  TRACKED  VEHICLE  DATA 


FOEQUENCY  -  HERTZ 


TYPICAL  THACKED  VEHICLE  PHASE  V02 


UJ 

3 


CO 

< 

ru 

cu 

05 

05 

■'T 

GO 

CO 

GO 

03 

GO 

CO 

05 

CO 

CO 

00 

05 

GO 

CO 

CO 

CO 

O 

O 

O 

05 

CD 

o 

o 

o 

o 

TT 

o 

o 

o 

Q 

o 

o 

0) 

05 

o 

o 

o 

o 

O 

o 

o 

o 

o 

OL 

G. 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

UJ 

> 

UJ 


cr 

o 

o 


5^ 

< 

UJ 

d 

cn 


2  cncH'^'^t^i^cnojoo'J'^o 
^  "tH  m 

u. 


i — i 


o 

o 

o 

o 

o 

in 

o 

i — i — i - i — i 


o 

o 

(U 

o 


o 

o 


o 

in 

o 

o 


o 

(U 

o 

o 


o 

o 


in 

o 

o 

o 


ZH  aid  OS  0  -  asd 


303 


5.00  10.00  20.00  50.00  100.00  200.00  500.00 

FREQUENCY  -  HERTZ 

Figure  1.  Test  Schedule 
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Figure  6.  RMS  Acceleration  Levels 
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Frequency  Bandwidth  Data 
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Figure  11.  Frequency  Bandwidth  Data 
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STRICTI  RAL  RESPONSE  AND  COSMETIC  CRACKING  IN 
RESIDENCES  FROM  SCRFACE  MINE  BLASTING 


David  Siskind  aiid  Mark  S.  Stajig 
Twin  Cities  Research  Outer 
L.S.  Bureau  of  Mines 
3629  Minnehaha  Avenue  South 
Minneaf>olis,  MN  33417 


The  Bureau  of  Mines  studied  the  problems  of  blasting- 
vibration-induced  structural  response  and  cracking  of 
low-rise  residential  structures  in  a  series  of  research 
projects  between  1976  and  1983.  This  paper  summarizes  the 
published  Bureau  findings  and  presents  them  from  the  point 
of  view  of  the  cracking  and  failure  of  the  construction 
materials  used  for  homes. 

The  damage  data  suggest  that,  for  plaster  and  wallboard 
attached  to  the  superstructure,  an  increase  in  the  rate  of 
cracking  is  not  likely  to  result  from  blasts  generating 
vibrations  of  If'ss  than  0.5  in/s.  Data  on  cracks  in 
masonry  walls  suggest  that  blast-induced  vibration  levels  of 
up  to  3.0  in/s  may  be  a  threshold  for  local  block-length 
cracks.  However,  additional  data  are  needed  to  quantify 
vibration  level  effects  necessary  to  generate  stai r-stepped 
cracks  in  masonry  walls,  which  indicate  loss  of  shear  load 
capacity . 


INTRODUCTION 

Ground  vibrations  from  blasting  have  been  a  continual  problem  for  the  mining 
industry,  the  public  living  near  the  mining  operations,  and  the  regulatory  agencies 
responsible  for  setting  environmental  standards.  Since  1974,  when  the  Bureau  of 
Mines  began  to  reanalyze  the  blast  damage  problem,  several  field  and  laboratory 
studies  have  been  conducted;  the  results  of  the  most  recent  were  published  in  RI 
3969,  in  1985  [1].  The  studies  examined  blast  vibrations  with  respect  to 
generation,  propagation,  structural  response,  cracking  potential,  instrumentation, 
an.i  fatigue  TZ-A].  A  similar  series  of  studies  was  conducted  for  airblast  [5-6]. 

This  paper  summarizes  the  material  or.  c'"c:!'.ing  of  construction  materials  used 
In  low-rise  residential  structures;  the  data  excerpted  from  two  comprehensive  Bureau 
vioration  stijdies,  RI  8507  on  dynamic  response  and  damage  and  RI  3896  on  fatigue  and 
lonu'-term  influences  [3-4].  Specifically,  the  paper  discusses  the  cracking  of 
plaster,  wallboard,  and  masonry  from  blasting  and  other  influences,  giving  an 
averall  perspective  to  the  blast  vibration  inpacts  as  part  of  the  total  lifetime 
dynamic  load  for  such  materials. 


L V,.  r-  L 'lij  T  i  L  !i 

Cjrr'tM't  rosiaential  construction  prccLices  address  bas’c  hunian  safety  and  not 
tOC'ci  "  i  cd i  ly  tne  occurrence  of  non-structural  minor  or  cosmetic  cracks.  Many  of 
tnese  practices  wore  derived  froin  a’lowable  deflection  criteria,  in  which  material 
:'''v:ring  potential  is  considered  [7-9],  However,  cosmetic  cracks  do  develop,  and 
le  :94  c,  .'ih  i  1 1'1’0  re  [10]  discussed  thie  lack  of  gLn’delines  for  vibrations  of  floors 
O' 1  poinfoe  Ou**  that  "deflection  and  vinration  can  be  decreased,  but  onW  at  an 
i  n c  "'ease  ^  n  pe  i  ce . " 
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race, "'OS  c'scn  ndt-;naliy  over  time.  Hoimberg  pilj  analyced  b’astinq 
ic'!  reeprt:;  to  oetimato  a  crack  rate  for  apartment  buildings  in  eweds'u. 

■>.; !  !  m  ■■  we-'O  ■'nspoctod  ^or  cracks  tnree  times  between  1  968  and  IbbO. 
-r  s^  obse’"/e':  cracrs  is  plotter  as  i  finction  of  fEne  in  Fipj^'e  1.  "-n 
:  ""  1:  t:  ’  f  now  cracks  i'er  year  occur'red  for  these  piarticular  st^'octuro' 
■;  oQt  ''0[)ort  any  specifics  on  the  bijildinq  constnuction ,  alti''')uuh 
ii  a  noasonabio  assuicption. 
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FIGURE  1  Buiiaioq  jgc  versus  crack  occurrences,  after 
Hoimberg  ( J  J ) 
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concrete  block  houses  over  a  26-week  period;  ho  reported  a  crack  rate  of  2.5  cracks 
per  day  for  the  43  houses  (<1  crack  per  week  per  house). 


Table  1  Crack  rates  for  houses  subjected  to  sonic  booms,  after  Andrews  [12] 


Number 
House  of 

r 

Area , 
ft2 

F ounctat  i  on 

Age , 

p-  ■ 

Finish 

Occu- 

Number 

pei 

of  cracks 
week 

stori es 

yr 

Interi or 

Exteri or 

pi  ed 

Boom 
peri od 

Nonboom 
peri od 

nr... 

1 

1,560 

Concrete 
slab . 

5 

Wal Iboard. 

Bri ck . . . 

Yes. . 

r  3.7 

1.9 

2... 

2 

1,750 

New 

...  do . 

. .  .do. . . 

No .  .  . 

8.2 

3.3 

3 . . . 

1 

1,470 

...  do . 

8 

. . .  do . . . 

No... 

3.3 

1.5 

4... 

1 

1,160 

Concrete 
stem  wal 1 

18 

. .  .do . 

. . . do . . . 

No. .  . 

6.1 

1.8 

5.., 

2 

2,870 

Masonry 
stem  wal 1 

>50 

Plaster 
and  lath 

Asbestos 

siding. 

No.  . . 

NM 

23 

6 . . . 

1 

1,100 

Concrete 
stem  wal 1 

25 

•••do***** 

Stone . . . 

Yes. . 

NM 

2.6 

7... 

1 

1,090 

30 

Lath  and 
wal 1  board 

Wood  lap 

Yes . . 

NM 

1.4 

8. . . 

1 

1,280 

30 

Plaster 
and  lath. 

Bri  ck 

Yes.. 

NM 

3.3 

9... 

2 

2,000 

Masonry 
stem  wal 1 

40 

Paper  on 
pi  aster 
and  lath 

Wood  lap 

Yesa. 

NM 

3.0 

10... 

2 

2,370 

Concrete 
stem  wal 1 

35 

Plaster 
and  lath 

•••dOa** 

Yes . . 

NM 

14 

li,.. 

1 

1,330 

Concrete 
slab . 

8 

Wall  board. 

Bri  ck . . . 

Yes . . 

NM 

2.2 

NM  Not  measured. 


The  large  variation  in  the  crack  rates  reported  in  the  separate  studies  by 
Holmberg,  Andrews,  and  Wall  is  indicative  of  the  wide  variation  of  susceptibility 
of  houses  to  cracking.  The  rates  ranged  from  near  zero  to  23  cracks  per  week. 

(The  yearly  rate  reported  by  Holmberg  indicates  a  cracks-per-week  rate  of  less  than 
none.)  None  of  the  investigators  reported  rates  of  zero.  The  large  differences  in 
the  rates  reported  are  partially  a  result  of  the  fficulty  of  defining  "cracks." 
For  example,  in  Wall's  report,  shrinkage  cracks  were  ignored,  and  only  new  cracks 
in  the  moderate  (easily  distinguishable)  range  were  reported. 

These  data  point  out  that  when  months  pass  between  preblast  and  postblast 
inspections,  any  postblast  inspection  is  likely  to  find  some  new  cracks  that  are 
the  result  of  natural  aging. 

Bureau  Long-Term  Fatigue  Study 

Blast  effects  on  long-term  crack  rates  were  monitored  over  a  2-yoar  p'-^riod  at 
a  Bureau  of  Mines  test  house  [4].  Bureau  researchers  developed  two  types  data 
in  terms  of  the  expected  damage  mechanisms;  [1]  fatigue  damage  from  accumulated 
exposure,  assessed  by  periodic  inspections,  and  [?]  triggering  effects  of  discrete 
blast  events  asscs'e;d  by  inspections  immediately  before  and  after  blasts,  where  tlie 


strains  froin  blastinc  are  c,dded  to  aiready  existing  env'^oniricf.ta i  'ins. 
Researchers  found  tha.  lung-terin  repet  ii  io;!  ■;  tht.*  low-levLl  hlasl:.  \tJoak  po'-tu/k 
velocity  <0.5  in/s)  produced  no  sigmticant  e’-fect;  however,  blasts  with  velocities 
greater  than  about  i.(  iu/s  were  associated  with  higher  cracking  r-uxs,  as  snn'i;ii  ii 
Table  ?. 


Table  2  Crack  versus  vibration  [4] 


Blast  level ,  in/s  j 

Cracks  per  week 

Without  corner 

Total 

<0.5 . 

0.28 

0.84 

>0.5,  <1.0 . 

.33 

.89 

>1.0 . 

1.0 

1.8 

The  crack  rate,  or  number  of  now  cracks  nor  i nsnort- 1 on ,  along  w'th  the  number 
of  blasts  that  produced  ground  vibrations  greater  than  0.50  in/s  and  greater  than 
1.0  in/s,  are  shown  '  Figure  2.  Sixty  shots  had  levels  between  0.5  and  1.0  in/s, 
while  48  shots  had  levels  above  1  in's,  '^ome  of  the  crack  rates  shown  in  Figure  2 
include  small  hairline  corner  cracks,  ana  some  do  not.  The  majority  of  corner 
cracks  occurred  in  the  first  8  month;.  Cracks  were  found  in  nearly  every  corner  in 
the  house,  but  were  ignored  until  inspection  period  15.  Then  it  was  decided  to 
observe  them  rigorously  despite  their  miniscule  size.  Corner  cracks  are  an 
inevitable  consequence  of  the  curing  of  the  tape  compound  and  are  enhanced  by 
dynamic  strains  induced  by  human  activity.  The  data  that  exclude  corner  cracks  are 
more  realistic  indications  of  blasting  influences  for  homes  other  than  new 
construction,  i.e.,  within  6  months. 


TjT  ViMC’NT  ML  r  iN'jPFCTi'jN 

FIGURE  2  Number  of  cracks  and  blasts  0.50  in/s  and  *1.0  in/s  versus  inspection  period 

bi  f  forunces  were  found  in  the  number  of  cracks  observed  by  '‘he  two  teams  of 
inspectors,  Vibration  Measurement  Engineers  (VME)  and  Bureau  personnel,  during 


pt.M'iods  1,  16,  an;l  36.  Trie  nost  pronounced  dif Terence  was  Tor  period  15.  The 
decision  to  include  sciall  corner  cracks  was  made  alter  VUE  had  coiupleted  its 
inspection  for  tliat  period  but  before  the  Bureau  had  completed  its  inspection  for 
perior!  15.  Other  than  for  that  period,  differences  in  the  numljer  of  cracks 
observed  were  an  inevitable  consequence  of  the  difficulty  of  observing  hairline 
'0,01-  to  O.l-cim)  cracks.  Periods  1,  15,  and  36  were  omitted  in  calculations  of 
crack  rate^.  However,  periods  in  which  there  were  unusual  external  influences, 
including  an  earthquake  and  soil  retnoval  by  a  scraper  40  feet  from  the  test  house, 
were  included.  The  sol f -t ri ggeri ng  seismograph  recorded  a  0.06-in/s  vibration  for 
tne  scraper  activity  but  did  not  trigger  during  the  earthquake. 

The  increase  in  crack  rate  with  ground  vibration  level  indicates  that  the 
blasting  produced  a  triggering  strain,  at  about  1.0  in/s/.  The  low  crack  formation 
rates  reported  are  reasonable  since  the  test  house  was  new,  showed  no  differential 
settlement,  and  was  not  regularly  occupied.  These  conditions  resulted  in  low  rates 
of  natural  crack  foriiiation,  which  allowed  a  few  bl  ast -rel  ated  cracks  to 
significantly  affect  crack  formation  rates. 

CONSTRUCTION  MATERIAL  CHARACTERISTICS  AND  CRACKING 

Cosmetic  cracks  result  when  a  dynamic-induced  strain  (blast  vibration  or  other 
transient  vibration)  added  to  a  preexisting  strain  (static  load)  exceeds  the  strain 
level  necessary  to  initiate  a  crack.  Differential  foundation  settlement,  excessive 
structural  loads,  and  material  shinkage  all  induce  strains  that  can  produce  random 
and/or  patterned  cracking.  For  analyzing  blasting  effects,  these  strai n-i nduci ng 
forces  are  considered  static  and  the  resulting  strains  are  called  "prestrains." 

Stress-strain  curves  are  used  to  describe  response  of  materials  under  load  up 
to  failure  (cracking).  Most  materials,  including  masonry,  ’’aster  and  wallboard, 
respond  linearly  up  to  the  initial  yield  point.  A  linear  response  means  that 
deformation  (strain)  is  directly  proportional  to  load  (stress).  Beyond  initial 
yield,  plastic  deformation  or  creep  occurs  until  ultimate  failure  (Fig.  3).  The 
yield  point  damage  is  often  not  visually  noticeable  because  of  limited  naked-eye 
resolution  of  0.01  to  0.1  mm,  particularly  in  textured  surfaces  such  as  masonry. 


FIGURE  3  Tensile  stress-strain  curve  lor  1/2  in  thick  wallboard 


Plaster  was  not  studied  extensively  because  of  its  widesiiread  replacement  by 
w3ll:'’Ga''J  for  modern  construction.  However,  many  of  the  older  homes  analyzed  for 
PI  :3]  were  plastered  and  -provideil  some  insight  into  cracking  iiotential. 

Also,  wallboard  is  a  gypsum  plaster  faced  with  paoer  on  both  sides.  Tests  run  on 
stripoo'!  wallboard  arc  suggestive  of  olaster  failure  [3].  Of  ail  construction 
:-caterials,  olaster  is  considered  most  susceotible  to  damage  and  exhibits  fatigue  at 
stress  levels  less  than  50  percent  of  the  static  failure  level  [14]. 

Wa  1  ! boa  r  ; 

The  Bureau  studied  wallboard  cracking  both  in  t'ne  laboratory  and  as  part  of 
the  fatigue  study  of  the  test  house  [4].  For  wallboard  in  the  test  house, 
'"esesrc'ners  found  threshold  cracks  occurring  primarily  in  the  wall  corners  and 
around  nail  heads.  They  found  for  wallboard-- 

1.  The  gypsum  core  failed  at  strains  of  about  350  uin/in  in  tension  and  at 
3bout  1,000  ain/in  in  bending,  based  oti  the  nonlinear  reponse  points. 

2.  ^or  visible  cracking,  paper  failure  is  the  controlling  factor.  Its 
nonlinear  response  point  occurred  at  strains  of  1,000  to  1,200  uin/in  (Fig.  3). 
■howevrer,  visual  observat''on  of  buckling  or  cracking  was  not  possible  until  a 
slightly  higher  strain  level  was  reached. 

3.  Strain  rate  seemed  to  affect  ultimate  or  total  failure,  but  the  paper 
yield  point  wa^  relatively  constant.  This  allows  comparison  of  various  loading 
factors  (e.g.,  blasting  versus  other  activities  and  environmental  factors). 

4.  Once  the  wallboard  cracked,  cyclic  opening  and  closing  of  the  crack  of  up 
to  0.1  mm  was  observed.  These  movements  were  unaffected  by  blasting  activities. 

5.  Data  on  cyclic  loading  behavior  of  wallboard  are  limited,  but  results  of 
tesfs  on  wood  products  indicated  thaf  fatigue  effects  can  occur  at  stress  (or 
strain)  levels  enuivalent  to  50  percent  of  static  failure  conditions,  but  over 
ID'.':, 000  cycles  are  required. 

Ma  i  on  ry 

Bureau  researchers  also  studied  the  cracking  of  concrete  block  walls  both  at 
the  tec,  structu'-e  with  its  full-size  basement  and  through  a  series  of  tests  in 
cooiieration  with  tiie  liational  Bureau  of  Standards  (NBS)  in  Gaithersburg,  MD  [4, 

15].  Generally,  two  types  of  cracks,  local  and  steplike  were  identified.  Local 
block-length  cracks  less  than  0.2  mm  wide  were  difficult  to  discern  from  existing 
mortar  .joint  separations  and  are  usually  not  observed  by  homeowners.  Steplike 
idsonry  cracks  transverse  the  wall  along  the  mortar  joint  interface  and,  over  time, 
ooc'n  bc'yond  0.2  min  in  width. 

'-’r.^uious  work  by  Cranston  [16],  Green  [17],  and  Wroth  [18]  noted  that  all 
crick  walls  have  small,  0.1  mm  cracks  upon  completion.  Green  stated  that  0.1-mm 
cracks  are  difficult  to  see  and  "therefore,  do  not  cause  concern."  As  reported  by 
Wooowird  [15],  local  cracks  opened  and  closed  throughout  the  cyclic  and  monotonic 
iii-plti^a  shear  tests  of  5-  by  5-feet  concrete  block  walls.  It  was  not  until 
c‘,'milikf>  cracks  [propagated  the  length  of  the  wall  specimens  that  shear  load  failure 

m,  c  u  r  c , .  j  . 

- !  *  coijrih  findings  by  Bureau  researchers  on  masonry  failure  provide  some 
insignc,  t'jrfher  work  at  Lite  UBS  on  torsion  and  out-of-plane  loading  is 
""  ,u  :  '‘-id .  Key  findings  for  tests  wicu  iiiasonry  are  given  below. 


1.  Observations  of  tensile  cracks  at  strain-monitored  sites  showed  that  such 
cracks  are  first  detected  visually  at  strain  levels  well  above  the  first  nonlinear 
response  point  because  of  naked-eye  limitations  (-0.01  to  0.1  mm). 

2.  Strains  read  at  the  threshold  of  visual  cracking  using  different  gauge 
lengths  gave  different  overall  strain  readings  as  illustrated  below. 

R 

Based  on  the  equation  c  =  i 

0.01  mm  =  770  uin/in. 

13  mm 

but  0.01  mm  ==  57^0  uin/in. 

150  mm 

where  13  and  150  mm  are  gauge  lengths,  and  the  visible  crack  width  is  0.01  mm. 
Because  strain  gauge  readings  can  be  misleading,  crack  growth  is  best  described  in 
terms  of  displacement. 

3.  Local-site  strains  across  the  wall  vary  considerably  from  global  strains. 
For  in-plane  shear  failure,  global  strain  is  measured  or  calculated  across  the  wall 
diagonal ly. 

4.  Local  cracks  can  occur  at  low  global  strains,  and  global  assessment  of 
these  cracks  is  not  recommended.  But,  for  the  assessment  of  steplike  cracks  that 
propagate  across  the  entire  wall,  the  global  strain  approach  appears  reasonable. 

5.  Global  failure  strain  levels  for  steplike  cracks  are  not  available. 

Limited  testing  to  date  has  shown  that  in-plane  shear  failure  may  not  occur  in 
homes  because  of  the  relatively  light  vertical  load  available  to  prevent  rotation 
from  i-he  shea’'  couple  and  at  least  a  partial  conversion  of  the  shear  to  tension. 

6.  For  cosmetic  cracks  that  do  not  affect  load-carrying  capacity,  a 
crack-width  criterion  has  been  proposed  [17].  However,  the  acceptability  of  crack 
widths  varies  with  material.  For  concrete  0.25  mm  is  the  limit  of  acceptability 
[19],  while  1  mm  is  the  limit  of  acceptability  for  brickwork  [18]. 

FACTORS  CAUSING  STRUCTURE  RESPONSE,  STRAIN,  AND  CRACKING 

Bureau  researchers  studied  structure  responses  and  cracking  associated  with 
blasting  vibrations  involving  a  relatively  few  measurements  at  each  of  a  wide 
variety  of  resi denti al -type  structures  [3].  Following  this,  fatigue  from  repeated 
loading  of  one  house  over  a  long  period  of  time  was  studied  [4].  For  both  efforts, 
measurements  were  made  of  wall,  floor,  and  racking  responses,  and  observations  of 
damage  were  made  that  could  be  correlated  to  specific  vibration  events.  A 
significant  part  of  the  work  was  done  near  large  surface  coal  mines  with  thick  soil 
overburdens  and  large-diameter-  blastholes,  cases  which  had  not  been  studied 
previously.  In  all,  about  900  shots  produced  useful  data  on  structural  responses 
and  damage  potential  from  blast  vibrations. 

Environmental  Strains 

Houses  are  subject  to  a  variety  of  dynamic  loads,  in  addition  to  static  or 
slightly  variable  loads  from  settlemetit,  soil  changes,  and  aging.  Among  the 
dynamic  forces  considered  significant  are  daily  and  annual  temperature  and  humidity 
cycles,  wind,  and  human  household  activity.  Bureau  researchers  monitored  the 
weather  and  inside  environment  during  the  2-year  test  period  and,  in  more  detail, 
for  short  periods.  For  one  test,  they  took  readings  at  3-hour  increments  for  a 


2-oay  period,  simultaneously  measuring  strain  at  site  K2 ,  over  a  major  doorway 
(Fig.  4).  Because  there  were  at  least  four  factors  incluencing  the  strain, 
f'esea rciiers  used  multiple  linear  regression  analyses.  Maximum  strains  from  daily 
envi ronmental  changes  were  found  to  be  a  significant  fraction  of  those  needed  for 
wallboard  core  failure  or  paper  cracking.  The  maximum  strain  observed  at  K2  was 
-^355  uin/in  or  39  percent  of  failure.  The  total  maximum  strain  calculated  from  the 
correlation  equation,  assuming  the  worst  case  for  each  of  the  factors,  are  +675  to 
-oi7  uin/in  or  up  to  82  percent  of  failure.  "Failure"  is  defined  as  the  strain 
level  of  1,C(jO  uin/in  found  to  produce  wallboard  cracking  as  previously  discussed 


TIME,  h 

FIGURE  4  Wallboard  joint  strain  and  environmental  (actors  versus  time,  site  K2  over  a  doorway 


Hunan-Acti vity- Induced  /trains 

Activities  within  ''.he  home  can  produce  significant  vibration  and  strain  in 
local  struct  oral  mpmbers  [3-4].  In  severe  cases,  such  as  a  hard  door  slam,  the 
entire  suoc-rstr  ict  ire  resonates  producing  strains  in  every  wall,  corner,  and  floor. 
3/  contrast,  nail  produces  a  strong  response  only  on  the  wall  affected, 

dtrains  range  ud  to  about  100  uin/in,  with  typical  values  being  50  uin/in  in 
critical  areas  over  windows  and  doorviays. 


B I asti ng- Induced  Strains  and  Comparisons 


Blasting  responses  and  strains  in  residential  structures  were  reported  in 
detail  in  Bureau's  RI  8507  and  8396  [3-4].  An  example  of  bl ast -vi brat i on-i nduced 
strains  from  the  fatigue  study  reported  in  RI  8896  is  shown  in  Figure  5.  Structure 
vibration  responses  can  be  transitional,  torsional,  vertical  uplift,  or  at  times  a 
combination  of  all  three.  In  blasting,  both  the  superstructure  and  foundation  are 
typically  affected.  Mon-blasting  causes  of  vibration  and  strain  act  only  on  the 
superstructure,  except  for  slowly  acting  soil  changes  and  settlement.  Because 
initial  damage  involves  cosmetic  cracks  on  superstructure  interior  walls,  it  is 
aopropriate  to  compare  superstructure  stains  from  blasting  and  other  sources  (Table 
3).  These  comparisons  are  only  approximate.  A  given  vibration  level  does  not 
always  produce  the  same  strain  even  at  a  single  monitoring  point,  much  less 
throughout  the  structure,  probably  because  of  different  response  modes  for 
different  blast  angles,  and  wave  characteristics. 

TABLE  3  Comparison  of  strain  levels  induced  by  daily  environmental  changes, 
household  activities  and  blasting  [4] 


Loading  phenomena 

Site 

Induced  strain, 
ui  n/i  n 

Correspondi ng 
blast  vibration 
level^,  in/s 

Daily  envi ronmental 

Bedroom  mi dwal 1 . . 

149 

1.2 

changes . 

Do . 

Over  doorway . 

385 

3.0 

Household  activities: 

Wal ki ng . 

Over  a  window..,. 

9 

<0.03 

Heel  drop . 

20 

.03 

Jumping . 

. do . 

37 

.28 

Door  slam . 

Over  doorway . 

49 

.50 

Poundi nq  a  nail... 

Over  a  window.... 

89 

.88 

Vibration  velocities  are  based  on  highest  observation  strains 

'or  a  given  velocity. 

Use  of  mean  or  "typical"  values  from  regression  analysis  gives  velocities  which  are 
considerably  higher.  For  example,  the  door  slam  produces  a  level  of  strain 
typically  observed  at  1.44  in/s  ground-measured  particle  velocity.  See  Figure  5. 


OBSERVED  CRACKING  FROM  BLASTINC 


As  discussed  earlier,  environmental  factors  induce  most  of  the  strain  necessary 
ror  the  generation  of  cracks  triggered  by  household  activities  or  blasting.  Crack 
rates  did  not  increase  until  blast  vibration  levels  rose  above  normal  threshold 
levels  of  1.0  in/s.  It  is  not  surprising  then  that  both  wallboard  and  plaster 
Clacked  at  low  vibration  levels,  even  though  failure  strain  levels  for  wallboard  are 
d'noijt  three  times  those  of  plaster. 

In  reviewing  both  past  and  newly  available  data  on  dynamic  vibration  response, 
researchers  noticed  irregular  and  sometimes  high-amplitude  responses  when  the 
vibration  frequencies  matched  structure  resonances  (Fig.  6).  A  similar  effect, 
noticer)  for  the  cracking  data,  was  one  of  the  most  significant  findings  in  RI  3507 
[3].  Conseouently,  coal  mine  and  uuarry  production  blasts  that  are  typically  10-25 
Hz  produce  a  greater  damage  risk  than  smaller  scale  blasts  often  used  for 
con^ 'I  r  jc  r,  i  on  ,  excavation,  and  secondary  blasting. 


S  T  RA<N  ,  ^  n/  0 
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FIGURE  6  Corner  and  midwall  amplification  factors  (3) 

[-■i  p.  depart  urt.'  :  r-om  ear  not  ana  lysis  and  reports,  the  following  review 
gjant i  i  ;  es  dairidijo  '>e[>arately  for  each  of  the  three  major  construction  materials; 
ri’aster,  wallboard,  and  concrete  niocf.  The  reader  is  directed  to  the  original 
.'■^'t'i'ts  for  prucroure  ann  analysis  details  [3-4,  15]. 

Plaste'  C ra eks 

Tnr.,.‘shold  and  minor  cracking  data  are  summarized  in  Figure  7  for  pre-1975 
^tLid'cs  and  in  Fnure  d  for  recent  Bureaii  research.  All  these  data  have  been 
pr-evi  Oiisly  putilished  in  Ri  dbO/  !  pj  an'i  RI  8896  [4].  However,  in  a  departure  from 
fhc‘  I'ariier  reports,  these  figure<-  identify  each  data  point  as  to  source,  degree  of 
cracH'  -  da'iane,  anr^  type  of  material  involved. 

faridei'jrs  [k3j  presents  tne  only  significant  amount  of  high-frequency  data. 
Tnesn-  oatc  s'jggest  that  vibration  levels  as  high  as  4  in/s  may  be  safe  for 
rref]uonries  abovp  about  Hj  Hz.  in  the  descriptions  of  damage,  in  RI  8507's  table 
lu  L3j.  l.angeiors  did  not  separate  the  cracking  and  fa  1 1 -of-pl  aster  cases, 
bvorak's  study  producer  observations  ot  cracking  at  some  of  the  lowest  peak 
(jartir.n  voirrcities.  and  questions  have  been  raised  about  data  reliability. 

Howcve',  iJvoral<  used  the  same  seismic  meritoring  system  as  kangefors.  Dvorak's 


brick  structures  were  likely  different  from  Langefors'  unspecified  structures 
(probably  concrete),  and  the  vastly  different  measured  frequencies  are  indicative 
of  a  soil  versus  rock  foundation.  The  lowest  vibration  level  at  which  cracking  was 
observed  was  0.5  in/s  with  Dvorak's  data  and  about  0.7  in/s  without. 

Wallboard  Cracks 

The  state  of  cracking  of  wallboard  is  hard  to  identify  because  the  interior 
plaster  core  will  crack  long  before  any  surface  effect  is  visible.  Visible 
c!"acking  of  paper  covering  occurs  at  strains  about  three  times  those  required  for 
core  failure.  Wallboard  cracks  are  also  influenced  by  how  well  nanels  are  attached 
to  the  superstructure  frame.  Not  being  structural  elements,  they  are  not  always 
put  under  in-plane  stress  when  the  frame  flexes.  The  core  around  the  nailhead  is, 
at  best,  partially  crushed  upon  attachment  to  the  studs,  and  when  the  studs  are 
uneven  major  core  cracking  can  occur.  The  response  from  superstructure  vibration 
is  additional  wallboard  core  crushing  around  the  railheads,  resulting  in  a  "loose" 
attachment . 

At  the  test  house,  it  was  observed  that  cracks  developed  primarily  at  the 
plastered  joints,  at  wall  corners,  and  in  plaster  covering  coating  over  nailheads 
(Table  4).  The  high  rate  of  naturally  occurring  cracks  was  caused  primarily  from 
curing  of  the  tape  compound.  As  the  tests  on  the  structure  continued,  a  decrease 
of  natural  frequency  of  about  20  percent,  e.g.,  7.5  to  6  Hz  at  one  location, 
indicated  a  loss  of  rigidity  and  general  flexture-i nduced  loosening  [4]. 

Table  4  Wallboard  cracks  observed  in  fatigue  test  house  [4] 


Materi al 

Initial] 
cracks , 
before 
testing 

Cracks  developed 
during  testing  | 

Blasting 
level s , 
in/s 

Mechani cal 

shaker  tests^ 

Number 
of  cracks 

Number  of  cycles 
at  cracking 

Natural ly 
occurri ng 

From 

blasting 

Taped  corners 

39 

35 

5 

0.88-3.5 

niF 

NAp 

Nail  heads... 

5 

4 

3 

1.8  -2.2 

>3 

56,000,  339,500 

Taped  joints. 

2 

6 

ND 

NAp 

1 

56,000 

Wdl 1  board. . . . 

3 

6 

ND 

NAp 

1 

361,500 

NAp  Not  applicable.  ND 


Shakers  run 
to  1.0  in/s. 
'^Corners  almost 


None  detected, 

at  resonant  frequency  at  equivalent  vibration  levels  of  0.3 


completely  cracked  before  shaker  study. 


The  lowest  levels  of  observed  blast  vibration-induced  cracking  occurred  at  a 
wall  corner  as  crack  extensions  and  when  a  new  crack  was  observed  beneath  a  window, 
at  amplitudes  of  0.79-1.1  in/s  (Fig.  8). 

Fat i gue-i nduced  cracks  were  observed  at  0.3  to  1.0  in/s.  However,  this 
cracking  required  a  large  number  of  vibration  cycles,  such  as  over  50,000  at  a 
O.S-in/s  equivalent  ground  vibration.  This  equates  to  decades  of  typical  blasting 
with  one  blast  per  day  producing  10  cycles  per  blast. 
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FIGURE  7  Velocity  and  frequency  levels  for  threshold  piaster 
and  wallboard  cracking,  pre-1975  studies 
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FIGURE  8  Velocity  and  frequency  levels  foi  threshold  plaster 
and  wvallboard  cracking,  recent  stodies  (3-4) 


Masonry  tracks 

Cracks  produced  in  block  masonry  walls  by  blasting  are  given  in  Figure  9  for 
past  work,  and  Figure  10  for  recent  Bureau  studies  [3-4],  Most  cracks  observed 
were  local,  typically  shorter  than  one  block  length,  and  about  0.2  mm  in  width. 
Cracks  of  this  magnitude  were  observed  from  blast  vibrations  up  to  5.2  in/s  and 
were  not  of  concern,  being  indistinguishable  from  normal  construction  and  shrinkage 
effects.  Their  observation  is  difficult,  and  accounts  for  the  high  number  of 
naturally  occijrr-^ng  cracks  (Table  5).  Also,  th'^se  local  cracks  became  more 
apparent  during  cyclic  test.  Differential  motion  along  the  block  interfaces  was 
easily  observod  during  continued  cyclic  motion,  whicli  accounts  for  the  low 
vibration  levels,  0.3  to  1.0  in/s.  However,  in  the  test  house,  a  blast  vibration 
of  a  6,9  i'l/s  produced  a  crack  of  significant  magnitude,  widening  a  urack  beyond 
tne  width  that  was  observed  the  absence  of  a  tilast. 


lu/Lr.  b  l-asonry  wall  mortar  Joint  cracks  observed  in  fatmMue  test  house  [4] 
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Initiair  Cracks  developed 
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I  at  i'"ar<ing 

■b'2  9- .‘orTif 2  9  3',TiJ  0 
!  56,000,  >103,500 
I  >339,500 

NAp 
>339,500 


I'A  hot  avai 1 dbl e--see  text.  DAp  Dot  applicable.  ND  None  detected. 
‘hhav.^'rs  run  at  '•^sonant  fi'equency  at  equivalent  ''■'hration  levels  of  0.3  to 
1.0  in/ s . 

:"/istinu  steel  ike  crack  funefioned  as  an  area  of  stress  relief. 
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FIGURE  9  Velocity  and  frequency  levels  for  local  masonry 
wall  cracks,  pre-1975  studies 


FIGURE  10  Velocity  and  frequency  levels  for  local  masonry 
wall  cracks,  recent  studies  (3-4J 


Shear  Load  Failure 

Shear  loaii  failure  of  the  base:TiGnt  wall  of  the  test  house  was  observed  after 
four  siiots  in  one  day.  A  diagonal  steplike  crack  propagated  in  the  southwest 
baserent  wall,  s':artinq  at  ground  level  and  proceeding  upward.  When  these  four 
ihots  were  detonated,  their  vibration  levels  (ranging  froin  1.0  to  1.5  in/s)  were 
tne  hiahest  recorded  in  the  study  up  to  that  ti.ne.  But  because  observation  of 
cracks  in  -nasonry  is  difficult,  it  remains  unknown  whether  blasting  or  other  events 
caused  this  step! ike  crack.  It  is  noteworthy  that  no  additional  steplike  crack 
propagations  were  observed  across  brick  or  block  wails.  The  existing  steplike 
crack  functioned  as  an  area  of  strain  relief  during  shaker  runs.  Energy 
transmitted  iiy  the  shapers  into  the  superstructure  and  foundation  was  primarily 
dissipated  in  areas  of  previous  cracking. 

Observations  were  also  made  of  chimney  and  brick  veneer  responses  during 
cyclic  shaker  tests.  The  masonry  walls  were  relatively  stationary,  with  the 
suoers c ructu re  cyclically  bumping  the  chimney  and  a  brick  veneer  wall  rear  the  roof 
lire.  Mortar  joint  cracks  developed  at  the  chimney-roof  interface  and  horizontally 
ac.^oss  the  prick  veneer  just  above  door  height. 

Crack  data  from  Edwards  and  florthwood  [k'oj  do  not  specify  crack  widths.  If 
tnese  crack  data  correspond  to  observations  exceeding  0.2  mm  (excessive  crack 
widths),  it  would  suggest  that  cracks  c...  occur  at  particle  velocity  levels  of  3  to 
7  in/s  with  no  effect  of  frequency.  Additional  data  are  needed  to  qualify 
frpniiPMcy  effects  and  the  generation  of  stairstep  crack  patterns  across  the  wall 
signifying  shear  load  failure. 

CONCi.uSIONS 

Bureau  studies  of  the  response  and  cracking  of  low-rise  residential  structures 
from  blasting  indicated  that  cracking  of  plaster  and  wallboard  is  not  likely  below 
about  0.5  in/s  oeak  particle  velocity  for  the  worst  case  of  structure  condition  and 
typical  vibration  frequency. 

This  safe-level  criterion  also  appears  independent  of  the  number  of  blasting 
events  and  their  durations.  Researchers  also  noticed  that  high  strains  are 
prodijced  in  structure  walls  by  normal  weather  conditions,  such  as  wind, 
temperature,  and  humidity  cycling.  Dynamic  events  such  as  door  slams  or  blasting 
produce  additional  strain,  can  trigger  a  crack  in  a  structure  already  under  strain. 
Human  activities,  such  as  door  slams,  can  be  equivalent  to  blast  vibrations  of  up 
to  d.S  in/s.  fhe  vibration  level  of  0.5  in/s  thus  provides  a  minimum  value  of 
concern  for  the  impact  of  external  transient  vibrations  on  wood-frame,  low-rise 
residential  structures  typical  of  those  studied  by  the  Bureau. 

Data  on  the  response  and  cracking  of  masonry  walls  from  blasting  indicated 
that  local  cracking  (bl ock - 1 ength )  may  not  be  noticeable  until  particle  velocity 
levels  are  up  to  3.0  in/s.  However,  additional  research  is  needed  to  quantify 
vibration  levels  that  promote  the  generation  of  stair-stepped  cracks  that  propagate 
across  the  wall  and  reduce  its  shear  load  capacity. 

Ihe  authors  encourage,  wherp  possible,  direct  measurements  or  assessment  of 
strain',  or  loads  on  members  likely  to  fail.  Alternatively,  estimates  of  responses 
srosM  snsed  on  realistic  t''ansfer  functions  relating  measured  vibrations  and 
r^assoabl/  nxoe'fed  responses.  In  pa rt i cj  1 ar ,  applications  beyond  the  scope  of  the 
jri  jwial  !L;r'*au  studies  am  to  be  dono  on’y  with  caution. 
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MODAL  APPLICATIONS 
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USING  MODAL  TESTING  TO  IDENTIFY  DYNAMIC 
CHANGES  IN  BATTLE  DAMAGED  F-16  WINGS 


Arnel  B.  Facia 
Flight  Dynamics  I, ah 

Air  Force  Wright  Aeronautical  Laboratory 
AFWAI./FIBG 

Vi  right-Fatterson  Air  Force  Base.  OH  4543.3 


Modal  tests  were  conducted  to  determine  whether  battle 
damage  or  battle  damage  repair  significantly  change  the 
dynamics  of  F-16  wings.  Two  F-16  wing  torque  boxes  were 
tested  v;hile  undamaged,  damaged,  and  repaired.  A  forty 
channel  data  acquisition  system  was  assembled  for  these 
tests.  Three  modes  were  found  in  the  0-100  Hz  bandwidth. 
Slight  changes  in  modal  parameters  did  occur,  increasing  in 
significance  with  increased  damage. 


INTRODUCTION 

V.Tien  aircraft  structures  sustain  combat  damage,  several  obvious  concerns 
arise.  Most  immediate  would  be  whether  the  damage  is  catastrophic.  If  the  damage 
does  not  result  in  instant  loss,  then  the  concern  shifts  to  vehicle  airworthiness 
and  crew  safety  on  the  return  flight.  If  the  structure  does  make  it  to  base,  can 
it  be  repaired?  And  if  repaired,  is  the  repair  sufficient?  For  modal  testing  to 
have  a  role  in  the  battle  damage  area,  it  must  be  part  of  at  least  one  of  the 
solutions  that  address  these  questions. 

If  damage  to  the  aircraft  is  catastrophic,  the  solution  lies  in  aircraft 

design,  i.e,,  the  structure  must  be  designed  to  withstand  a  certain  amount  of 

cia.'iiage.  However,  even  though  the  structure  siirvives,  degraded  performance  seems 

certain.  For  example,  a  damaged  aircraft  would  lose  strength,  have  increased  drag 

and  probably  have  a  decreased  flutter  envelope.  Of  course,  many  factors  such  as 
fuel  capacity,  pilot  injury,  and  others  also  come  into  play.  Furthermore,  the 
que.stion  of  whether  battle  damaged  structures  should  be  repaired  involves 
additional  factors  such  as  the  availability  of  supplies  and  manpower,  required 
down-rime,  and  extent  of  damage.  UTiatever  the  issue.s,  post-repair  inspection  is  a 

mi  IS  t  . 

.'•lofial  tft.sting  has  long  been  used  for  troubleshooting  vibration  problems, 
iiio  r.- f  o  I'e  ,  modal  testing  lias  become  a  valuable  tool  for  determining  the  extent  of 
drim.ig.-  and  for  checking  repairs.  To  aid  in  the  survivability  of  structures,  one 

c. an  •  xt'^-nd  the  current  technology  in  spectrum  monitoring  and  merge  it  with 
.irrifirial  intelligence  and  smart  structures  in  the  future  to  diagnose  and  respond 
ro  in-flight  structural  probltiiis.  Once  the  affects  of  battle  damage  to  aircraft 
"h.-; :  ii!  i  <  s  is  bcidc!)-  defined,  for  c>xample  in  fluttc-r,  modal  analysis  can  be 
i  n  t.  r.  p  ;■  i  ‘  ed  in  trie  de.sign  prore.s.s  . 

tMirfptua  1  1 V ,  if  tdiere  i  .s  a  baseline  of  modal  parameter.s  for  a  structure.  a 

d. -rryi  in  the  natural  f  re''|uenc  [(ns  of  affected  modes  should  indicate  the  extent  of 
miffne's  los.',  .  Ma.ss  loss  woulcl  drive  the  freouenries  higher.  and  is  .somotiires 
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a^rellipent  decisions  on  liov.-  ii’iicli  repair  is  needed  can  be  made.  For 
a  quick  patch  sufiian-  and  tlms  lia'.'c.-  the  aire'raft,  operational  in 
v.’OLiId  a  iKore  rhorovntii  repair  be  neces.sar'/?  .inst  as  easily,  the 
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iir  is  adequate  and  ccaiiplete.  In  order  to  put  these  conccq.Us  to 
e.’.  tl'.a.t  currei'.t  modal  analysis  tecbaiologv  can  detect  dynamic  changes 
>tic  d.ima.ge  on  relatively  corcpit-x  slructui'es  like  wings  is  required. 
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hast-  and  floor  to  compensate  for  the  unevenness.  The  foam  also  acted  as  a  highly 
damped  isolator  preventing  energy  transfer  to  and  from  the  floor. 

Another  problem  encountered  was  fixture  vibration,  the  base  of  the  fixture  was 
loaded  with  lead  bags.  This  added  inertial  mass  and  damping  to  the  fixture,  which 
mean.L  most  of  the  motion  stayed  on  the  wing  and  fixture  motion  was  damped  by  the 
Ic-ad  shot  bags.  Note  that  the  fixture  weighed  14000  lb  and  the  wing  weighed  800 
lb.  Ten  thousand  pounds  of  lead  shot  bags  were  added  to  the  fixture.  To  keep  the 
bonndcirv  conditions  consistent,  a  torque  wrench  was  u.sed  to  bolt  the  wing  to  the 
fixture,  allowing  the  wing  to  be  bolted  with  the  maximum  allowable  tension. 

INSTRUMENTATION 

Thirty- seven  lightweight  Structcel  accelerometers  manufactured  by  the  PCB 
P  i  e;:o  t  ron  ics  ,  Inc.  measured  the  acceleration  on  the  wing.  Their  mounting  sockets 
were  liot  glued  at  strong  points,  i.e.  spars  or  ribs,  to  avoid  local  modes.  Figure 
2  shows  the  locations  of  the  accelerometers  and  the  grid  used  for  Test  Data 
.Analysis  System  (TD.AS)  from  Structural  Dynamics  Research  Corporation.  Figure  3 
sb.ows  a  block  diagram  of  the  instrumentation  used  for  the  modal  test.  An  alignment 
tool  was  used  to  make  sure  each  accelerometer  pointed  vertically.  A  Setra  model 
I'.lA  accelerometer  was  used  as  the  calibration  reference,  and  to  monitor  the 
•.’ibration  on  the  base  plate.  Figure  1  shows  the  accelerometers  on  the  wing  and  the 
Setra  on  the  fixture  base. 

FIBG  redesigned  a  120  channel  F-16  ground  vibration  test  system  to  measure  38 
accc-^  lerations ,  1  force  and  1  temperature.  Thirty-seven  PCB  accelerometers  were 
powered,  conditioned  and  amplified  by  three  PCB  model  433A  Differential  Power 
Supplies,  The  thirty-seven  accelerometer  signals  at  approximately  1  volt/g,  the 
force  gage  and  the  Setra  signals  went  through  filter  cards  programmed  for  80  Hz 
cutoff.  The  filtered  signals  went  into  40  Automatic  Gain  Changing  Amplifiers.  The 
amplifiers  select  one  of  eight  gains  based  on  the  level  of  the  input  signal.  The 
analog  outputs  of  each  amp  connected  to  the  PCM  encoder.  Also,  for  each  amplifier, 
a  3-bit  binary  output  proportional  to  the  gain  setting  went  into  a  digital 
multiplexer  that  merged  120  gain  bits  into  two  12-bit  word  inputs  to  the  PCM 
encoder,  The  PCM  encoder  sampled,  digitized  and  encoded  40  analog  signals  into 
12 -bit  words,  and  sampled  six  12  bit  words  containing  gain  bits,  frame  counts  and 
time  code.  The  PCM  encoder  sampled  at  200  kbits/sec.  Each  accelerometer  was 
.sampled  at  347  2/9  .samples/.sec . 

Ihe  Delay  Modulation  Mark  (DilM)  PCM  data  were  recorded  on  one  direct  record 
track  o£  a  Honeywell  96.  A  PCM  playback  system,  Fairchild  Weston  Inc,  Model  1786 
Unit'C'r.sal  Telem.etry  Data  System  (IJTDS),  was  used  to  monitor  the  PCM  data  in  real 
time.  Valuable  information  on  gains  and  sync  lock  were  provided.  Eight  digital  to 
-ituilog  outputs  of  the  UTDS  v/ere  vtsed  by  the  modal  analysis  system,  GenRad  2514,  to 
f)b'ain  ti'an.sfer  functions,  coherence.  and  autospectrum,  to  ensure  data  qualitv. 
AxitiloK  outputs  of  the  amplifier  were  also  used  to  monitor  data. 


TESTS  AND  RESULTS 

To  0,1,:  , in  ,1  t);i  sf- 1  i  Ilf  for  cfappar  i  .son .  Wing  1  and  2  were  tested  before  thev  were 
■■O'!.  lh>'  wines  •..f  ios  f-xciicd  a!  the  leading  edge  wing  tip  with  random  noise  at 
'>  i:-' -  i'ir.urf  ,  shows  the  f  I'equeiicy  respon.se  function  (FRF)  magnitude  from  the 
1  ;  ■'  'o  s  of  t  iif  wings.  As  expect. 6-d,  the  responses  are  similar.  Within  the 

'•  d'.o.  •l.if,  iindfs  wi-re  found:  first  Iv-iiding,  si-cond  bending  and  first  torsion 
•y:  ;o  ;  i:  ,i  •  .  ■  1 ] ./  [is,  -tU  i|;; .  and  66)  Hz  re.spec  t:  iw  1  v  .  Figure  5  sliows  the  mode 
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d  y'bs  Tills  va.s  shot  condition  1.  T'^at  damago  was  rep.n'rc-d  arr  Wing  I  ’.-.yu  shot 

ororci:  to  condition  2  ifiis  time  dainagiug  a  spar  aix'.  a  ril>.  F' ?_''<>■  shows  the 

ioitri-ion  of  the  .shots  end  Figure  8  shows  the  drsnago .  A  r.odal  .s'ir\(  /  of  Wing  1  vvas 
c'r.ducred.  In  Figure  9,  the  FRF  of  tlie  dajiiaged  W’ing,  I  w.s  o\-‘:rla  v d  over  the 
'tr.damaged  Wing  1.  Any  frequency  shift  was  less  than  It,  AJ  t.liour.li  the  ing 
sustained  two  daiTiag,es,  there  was  little  change  in  its  dynamic  c  harai' ter  is  ti  cs . 
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The  fact  that  there  was  little  cb;  p;-<  to  these  parameters  wa.s  furrVier  verified 
by  comparing  modal  assurance  crlter'ca-  ‘.AC)  values  (Table  2).  'i'he  M\C  is  an 
indication  of  the  relative  linear  indeoruct  c-  between  mode  shapes;  it  is  .similar 
to  the  coherence  values  between  mode  i.hapf  s .  Coirparing  the  same  modes  of  tlte  samt 
■Structure  nc  different  stages  of  structural  intei;rity  should  give  a  quantitative 
value  of  any  change  in  this  dyna.mic  property.  The.  MAC  value  obtained  wh,er-  tb.e  each 
rode  of  the  dainaged  Wing  1  was  compared  to  tb.e  corresponding  mode  of  th  baseline 
was  e  sentialLy  uri.ity.  This  means  that  the  mode  did  not  change  significantly  with 
the.  dan  age. 

Tb.e  damage,  to  Wing  2  v.'as  more  extensive  (Fig  iO)  .  This  vjing  was  damiaged  by 
HPII  while  full  of  fuel,  so  that  heydrodynamic  ram  damage  was  the  leading  factor. 
The  top  and  bottom  surtaces  were  petaled,  spar  9  and  the  rib  were  severed,  and  spar 
10  v;a.s  cie  f o rri’.t'.d  . 

Figure  11  shows  an  overlay  of  the  FRF  of  the  damage  over  the  undamaged  Wing  2. 
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CONCLUSIONS 


The  rriodal  sur'/ev  co’.id'acted  on  battle  damaged  F-lh  wings  showed  that  current 
modal  analysis  methods  can  detect  significant  damage  to  a  structure,  as  was  the 
case  with  Wing  2.  The  modal  parameters  obtained  for  Wing  2  also  seem  to  verify  the 
adequacy  of  the  repair.  However,  these  modal  tests  were  unable  to  detect  changes 
in  'Wing  1.  Wing  1  was  damaged  twice,  although  neither  damage  was  as  severe  as  that 
experienced  by  Wing  2.  The  damage  to  Wing  1  was  a  little  forward  of  that  on  Wing  2 
and  thus  closer  to  the  node  line  of  the  third  mode.  This  could  explain  why  the 
damage  on  'Wing  1  did  not  affect  its  third  mode.  This  suggests  that  the  changes  in 
wing  dynamics  depend  on  the  location  of  the  damage.  it  seems  clear  that  a  mode 
will  shift  if  damage  occurs  in  an  area  stressed  by  that  mode. 

As  a  check  for  repair  adequacy,  modal  testing  may  be  very  useful.  The  natural 
frequencies  alone  can  indicate  whether  the  stiffness  has  been  restored  to  t’ne 
structure.  This  test  is  relatively  easy  to  set  up.  The  MAC  can  also  be  useful  but 
is  generally  more  cumbersome  to  apply.  Using  modal  testing  to  indicate  the  extent 
of  damage  requires  more  care.  Given  a  structure,  one  must  identify  the  modes  most 
critical  to  structural  strength.  Once  identified,  guidelines  must  be  established 
as  to  what  amount  of  damage  is  "significant".  Also,  since  mode  changes  due  to 
damage  depends  on  the  areas  stressed,  it  is  very  possible  that  modal  testing  could 
be  used  to  locate  problems  that  might  go  undetected  using  conventional  NDI  methods. 
For  example,  the  Vibration  and  Acoustic  Test  Facility  at  the  Johnson  Space  Center 
did  modal  surveys  of  Shuttle  Orbiters  and  found  faults  undetected  by  other  means 
!1,2]  . 

For  modal  testing  to  become  a  useable  tool  to  define  the  survivability  of 
aircraft  structure,  more  research  must  be  done  to  determine  the  affects  of 
ballistic  damage  to  system  dynamics.  Also  since  modal  surveys  can  detect  dynamic 
changes  due  to  ballistic  damage,  it  may  become  a  useful  check  of  analytical  models 
seeking  to  describe  this  damage.  Therefore,  modal  testing  can  play  a  role  in 
determining  the  survivability  and  reliability  of  structures,  now  and  in  the  future. 
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Table  1.  Wing  2  and  Wing  1  Modal  Survey 
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Table  2.  Modal  Assurance  Criterion  (MAC)  Comparisons  of  Modes 


Natural  Frequencies  (Hz) 


Undamaged  Wing 

1 

Damaged  Wing  1 

MAC 

1st 

Bending 

11 . 985 

11.862 

0.9990 

2nd 

Bending 

39 . 994 

39.799 

0.9989 

1st 

Torsion 

60.365 

60.251 

0.9948 

Undamaged  Wing 

2 

Damaged  Wing  2 

MAC 

1st 

Bending 

12.161 

11.98 

1.0000 

2nd 

Bending 

40 . 684 

40.58 

1.0000 

1st 

Torsion 

62 . 140 

59.07 

0.9755 

Undamaged  Wing 

2 

Repaired  Wing  2 

MAC 

1st 

Bending 

12.161 

12.227 

0.9999 

2nd 

Bending 

40.684 

40.598 

1.0000 

1st 

Torsion 

62.140 

61.981 

1.0000 
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Figure  3.  Block  Diagram  of  Joint  Live  Fire  F-l6  Wing  Modal  Survey 
Instrumentation 
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Figure  U.  Overlay  of  Frequency  Response  Functions  of  Undamaged  Wing 
and  Wing  2 
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MODAL  IDENTIFICATION  USING  SOLID  ROCKET 
MOTOR  STATIC  FIRING  DATA  -  A  CASE  WITHOUT 
KNOWING  THE  EXTERNAL  EXCITATION 


Craig  F.  (^hang  and  Don  Mason 
Morton  Thiokol,  Inc. 

Space  Operations,  P.O.  Box  707 
Brigham  City,  UT  84302-0707 


The  data  from  full-scale  solid  rocket  motor  (SRM)  static  test 
is  a  valuable  resource  to  assess  and  analyze  the  SRM  behavior. 
An  attempt  is  made  in  this  paper  to  Identify  the  system 
characteristics  using  the  modal  approach.  In  the  theory 
development,  no  requirement  is  necessary  on  the  knowledge  of 
the  input  excitations.  However,  analyses  are  made  based  on 
the  assumption  that  the  system  is  linear  and  satisfies  the 
second  order  differential  equation. 


INTRODUCTION 

Cnuccl^  Solid  Rocket  Motor  (SRM)  manufactuLed  by  Morton  Thiokol,  Inc. 
was  static- fired  in  full-scale  to  test  the  SRM  behavior.  Accelerometers  were 
included  among  numerous  instrumentation  to  observe  the  dynamic  characteristic 
of  the  SRM.  The  objective  of  the  current  paper  is  to  perform  a  Space  Shuttle  SRM 
system  identification  (ID)  using  static  firing  data. 

In  engineering  analysis,  it  is  usually  necessary  to  begin  with  an  abstract 
mathematical  model,  which  is  based  on  certain  assumntions.  The  accuracy  of  the 
results  of  the  analysis  depends  to  a  large  extent  on  the  choice  of  the 
matliematical  model.  It  is  an  unfortunate  fact  that  the  current  knowledge  in 
choosing  an  accurate  structural  dynamic  model  seriously  lags  behind  analyr.is 
capabilities.  Frequently,  the  results  of  the  mathematical  model  are  not  in 
sufficient  agreement  with  the  experimental  data. 

System  identification  is  an  attempt  to  obtain  information  about  the  model  from 
experimental  data.  This  process  has  been  likened  to  the  "black  box"  problem  in 
which  a  mathematical  description  of  the  "black  box"  is  sought  from  observations  of 
responses  to  known  Inputs.  It  seems  to  be  a  strongly  intuitive  notion  that 
meaningful  information  about  a  correct  model  for  a  system  can  be  extracted  from 
these  responses.  In  fact,  it  seems  obvious  that  the  more  test  data  that  can  be 
made  available,  the  better  the  information  will  be  provided  about  the  model. 

While  the  concept  of  attempting  to  identify  a  system  from  observations  of  its 
input  and  output  is  an  old  issue,  serious  problems  arise  from  the  fact  that  many 
input  sources  are  essentially  unknown,  especially  for  aerospace  structures.  For 
example,  when  the  SRM  is  burning,  which  can  be  either  during  static  firing  or 
flight,  the  dynamic  input  sources,  (i.e.,  pressure,  acoustic  wave,  etc,),  are  very 
complex.  Furthermore,  the  effects  of  those  input  sources  and  their  correlation  are 
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not  well  understood  at  our  current  stage  of  knowledge.  Therefore,  the  only 
available  information  regarding  the  structural  system  is  the  output,  wliich  may  ta- 
rof<_*.red  to  as  structural  response.  The  question  may  be  raised  as  to  whether  we 
can  sucessfully  identify  the  system  characteristics,  such  as  modal  f  reqv-ienc  i  es  and 
damping  values,  using  only  the  structural  response  data. 

To  answer  this  question,  we  first  examine  the  relationships  among  input,  output 
and  the  sy.stem  itself.  The  conceptlonal  drawing  of  this  relations’tti  p  is  siiown  in 
Figure  1 . 


i  N  r  u  1 


SYSTEM 


OUTPUT 


Fig.  1  Input,  Output,  and  Structural  System  Relationship. 

I  ntvil  t  ively ,  from  Figure  1,  we  can  see  that  if  we  did  not  assume  tiie  specific, 
form  of  the  system,  we  have  no  way  to  figure  out  what  the  system  looks  like.  The 
reason  is  obvious,  since,  if  Inputs  are  unknown  and  the  system  does  not  iiave  any 
restriction,  the  output  we  observed  could  be  arbitrary.  The  problem  would  be 
alleviated  if  we  can  restrict  the  parameters  and  the  form  of  this  system. 

It  is  still  a  very  difficult  problem,  at  the  present  stage,  to  identify  the 
system  parameters  given  only  the  form  of  the  system  and  the  response  measurements 
without  knowing  the  inputs.  Ir^  this  paper,  a  method  is  developed  to  seek  the  SRM 
system  parameters  in  the  Morton  Thlokol  T-2^4  test  stand  by  using  only  the  dynamic 
response  measurements  obtained  from  the  Demonstration  Motor  Number  8  (DM-8)  static 
firing. 

At  present,  numerous  research  efforts  have  been  studied  and  presented  in  the 
advanced  development  phase.  Neverthele.'^s ,  most  of  the  investigations  were  limited 
to  'he  case  where  inputs  were  known.  For  example,  the  quite  famous  paper  by 
Rodeman  and  Yao  [1]  gives  an  indepth  discussion  of  five  modal  and  four  non-modal 
methods.  Of  particular  interest  Is  the  discussion  by  Klosterman  [2]  which  gives  a 
rather  complete  development  of  the  application  of  a  modal  techniqvie .  The  survey  hy 
Hart  and  Yao  [3]  contains  the  most  complete  list  of  references  in  the  recent 
structural  dynamics  parameter  ID  literature.  They  categorized  the  field  into  a 
time  domain  and  frequency  domain  technique  tree.  In  their  general  comments  on 
system  ID  they  present  three  standard  approaches  for  modal  parameter  estimation 
defined  as  follows: 

o  Least  square  -  assumes  measurements  and  structviral  parameters  are 
de term. ini  s  t  i  c  . 

o  Weigiited  1. .  S  .  -  assumes  measurements  are  stochastic  (noisy)  but  structural 

parameters  are  deterministic. 

o  Statistical  Structural  Identification  -  Assumes  measuerments  and  modal 
parameters  are  both  stochastic. 

The  method  of  random  -  dec  remen t  has  been  used  recently  for  damage  ID.  [4]  The 
metliod  is  mainly  based  on  the  ITD  method,  [5]  which  is  a  motial  approach.  Other 
papers  dl.scussed  the  modal  approach  for  system  ID  are  Raney,  (6)  Hasselman,  (/) 
Be;rman  and  Flannel  y,  [8]  and  Ibanez,  [9]  to  name  only  a  few. 


mathematical  model 


Tlie  matrix  differential  equation  that  governs  the  SRM  Is  given  by 

[m]  (x)  +  [c](x)  +  [k]{x)  “  (f(t))  (1) 

wl.ere  im],  [c],  [k]  are  the  system  NXN  mass,  damping  and  stiffness  matrices, 

respectively;  the  (x),  (x),  and  (x)  are  the  SRM  acceleration,  velocity,  and 

displacement  responses  respectively;  and  {f(t))  is  the  excitation  forces.  To  arrive 
at  Eq,  (1),  an  assumption  that  the  SRM  behaves  linearly  during  static  firing  was 
made.  The  linearity  assumption  allows  us  to  use  Eq .  (1)  to  analyze  the  SRM  locally 

as  well  as  globally.  Namely,  (xl  c;  n  be  the  combination  of  either  axial  or 
tangential  direction  measurements. 

Generally,  the  excitations,  (f(t)},  to  SRM  structure  during  static  firing  are 
in  complex  natvire.  For  example,  the  internal  pressures,  axial  th.rust,  and  acoustic 
field  constitute  the  main  excitation  sources  for  SRM.  Apparently,  all  these 
excitation  sources  are  random.  In  view  of  the  random  characteristic  of  the 
excitation  source,  the  force  vector,  {f(t))  may  be  reasonably  assumed  as  a  vector 
random  process.  The  assumption  that  the  {f(t))  is  random,  which  results  in  (x), 
!x),  (x)  being  random,  can  be  seen  from  the  response  measurements.  For  instance, 

the  radial  acceleration  measurements  at  the  center  field  joint  (A062)  is  plotted 
vs.  time  as  shown  in  Figure  2.  From  Figure  2,  the  acceleration  apparently  behaves 
randomly  and  has  a  zero  mean. 


^  L  ne  i  Li  o  n  r  r; 


I?  -ij.i  (Time;  b'c] 

Fiq.  2  The  Time  History  for  An62 


It  was  mentioned  earlier  that  (x)  Is  mean  zero,  which  will  be  demonstrated 
analytically  later.  The  mean  zero  characteristic  makes  it  convenient  to  analyze  tlie 


stochastic  differencial  equation  Eq .  '1)  in  a  decomposed  way.  Without  loss  of 

generality  we  can  let 

tp{,t)  )  -  E[  {  f  (t)  )  ]  ,  (2a) 

(u(t)l  -  E[{x(t))].  (2b) 

lF(t))  -  lf(t))  -  EHf(t))]  -  lf(t))  -  lp(t)),  (3a) 

{Z(t))  -  !x(t))  -  E[(x(t))l  -  {x(t))  -  (u(t)),  (3a) 


where  (p(t)),  (u(t))  are  the  mean  characteristic  of  (f(t)),  (x(t)),  respectively; 

and  {F(t)),  {Z(t)}  are  the  random  component  of  {f(t)),  (x(t)),  respectively.  From 

Eq .  (3)  it  can  be  seen  that  {F(C)),  {Z(t))  both  are  mean  zero.  Eq .  (1)  now  can  be 

rewritten  using  Eq .  (2)  and  (3). 

[m]({u)+{z))+[c]({u)+{z))+[k]({u)+(z))  -  (F(t) )+(P(t) )  (4) 

Taking  the  mathematical  expectation  on  the  above  equation  yields 

[m](u)  +  [c)(u)  +  (k]{u)  “  (P(t))  (5) 

Subtracting  Eq .  (5)  from  (4)  obtains 

[ra]{z)  +  (cl{z)  +  (k){z)  -  {F(t))  (6) 

Ir  should  be  nuced  that  Eq .  (5)  governs  the  mean  response  and  Eq .  (6)  governs  the 

random  component  of  the  SRM  response.  It  is  observed  at  this  point  that  if  u  -  u  - 
0,  Eq .  (.5)  is  reduced  to  the  static  case, 

[k){u)  -  {P(t)).  (7) 

The  fact  that  u  -  u  -  0  is  true  for  many  situations.  For  exairple,  consider  a 
nonlinear  oscillator  governed  by 

m  X  +  c  X  +  R(x)  -  f(t)  (8) 

where  R(x)  is  the  restoring  force.  If  ra  and  c  are  deterministic  constants,  the 
probability  density  function  (PDF)  of  x  and  x  is  given  by  [10] 

p(x,x)  -  C  exp  (-x^//Cj  +  ^2  R(|)d^  }  (9) 

"o 

for  mean  zero  Gaussian  white  type  excitation,  where  and  constants 

related  to  the  parameters  of  m,  c,  and  the  correlation  coefficient  of  f(t),  and 
the  value  of  C  is  subjected  to  the  normalization  condition.  Apparently,  x  Is  mean 
zero  Gaussian  distribution.  This  Implies  x  is  also  mean  zero. 

We  have  demonstrated  the  mean  zero  characteristic  of  x  and  x.  We  will  use  this 
characteristic  later  to  develop  our  model.  Next,  we  need  to  analyze  the  random 
~o~'ponent,  Fq.  (6).  The  advantage  of  using  Eq .  (6)  is  that  (F(t'))  is  mean  zero  and 

is  easy  to  analyze.  Remember  that  [m],  [c],  and  [k]  all  satisfy  Eq .  (5)  and  (6). 

Thereff)re,  the  sy.stem  identification  is  preformed  based  on  Equation  (6).  Since 
(F(t))  now  is  mean  zero,  we  can  use  the  random- decrement  technique  to  further 
reduce  Eq .  (6).  Tlie  random- decrement  technique  [4]  is  discussed  as  follows. 


Ihe  concept  of  r  a  lutoin  -  i.iec  r  emen  t  technique  was  Initially  presented  hy  llenry  Cole 
[11],  Consider  Cq .  (n)  which  is  valid  for  any  time  t  and  any  set  of  initial 

cond  i  t  i  oi' s  .  Replacing  time  t  with  tlie  expression  tjfr,  where  the  t^'s  are  selected 
according  to  the  method  of  triggering  tlie  start  of  the  ensembles  for  tlie  random- 

ilocrei.ient  corapntac  1  ons  ,  tlien  Equation  (6)  can  be  rewritt  en  as 

[m ] ( c ( t i ) r ) 1  t  [ c ] ! 2 ( tp f r ) )  +  [k]{z(tptr))  -  {F(tp+r)),  1  -  (10) 

wliere  M  is  th.e  rcimber  of  averages  intended  for  use  In  random- decrement  ccinputati  on . 
By  svirmlng  all  of  the  M  equations,  dividing  by  M,  and  replacing  1 /M  y(2(tj)r))  by 
(y(t)),  tlie  resulting  sti.imation  can  be  written  as 

1  M 

[  m  ]  (  y  :  T  )  )  +  [  c  ]  {  y  (  T  )  1  -4-  [  k  ]  I  y  (  r  )  1  -  pj  (  F  ( t  j  -(  r  )  )  (11) 

1-1 

It  should  he  noted  that  since  the  tp's  were  selected  according  to  a  specific 
random- decrement  triggering  criteria,  tlie  resulting  response  (y(r))  will  not 

average  1 1,  zero.  Now  considering  the  rlglit  hand  side  ot  Ecj  .  (11),  if  (F(t))  Is  a 

stationary  ranciom  signal,  then 

1  M 

S  X  [F(ti-,r))  -  0  (12) 

nndi  I.o,  ,  (11)  becomes  1-1 

(ml(y(r))  +  (cllylr))  t  [k](y(r))  -0  (13) 

Eq.  (13)  implies  that  {y(r))  Is  a  free-decay  response  that  results  from  applying 
random  -  dec  rement.  to  random  response  due  to  a  force  vector,  (F(t)),  which  is  a 
random  signal  with  mean  zero.  It  should  he  noted  that  the  mass,  damping,  and 
stiffness  matrices  all.satlsfy  Eq .  (1),  (6),  and  (13).  In  obtaining  (y(r))  it 

should  be  noted  tliat  (7(t))  is  Identical  to  (x(t)),  since  (u(L))  is  zero. 


We  have  shown  an  Important,  result.  Namely,  the  acceleration  measurements 
obtained  from  an  operational  random  vibration  response  satisfy  a  stochastic 
equivalent  structural  system,  Eq .  6,  whicli  can  be  reduced  to  a  free  vibration 
system  Eq .  (13)  vising  random-decrement  teclinlqne.  The  system  ID  then  can  be 

performed  based  on  tlie  free  vibration  response  where  the  excitation  is  essentially 
eliminated.  Since  |y(r))  Is  free  decay,  live  system  ID  can  be  readily  performed  by 
using,  for  exaiiiple,  Ibraiilrn  time  domain  (ITt))  metlvod. 
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CONFRONTING  Till':  STATIC  FIRING  DATA,  DM- 8 


Tile  tiieory  lieve  1  (iped  in  the  pirevious  section  is  very  usetul  for  the  study  of 
tiu-  dyiidniic  behavior  of  SRM  during  firing.  There  were  a  total  of  18  accel  erat  ic.n 
cliannels  installed  along  the  case  on  DM-8.  The  location  of  each  acceleroip.eter  is 
siiown  in  Figure  3.  Tliose  accelerometers  enable  us  to  monitor  the  modal 
cliar  ac  te  r  i -s  t  i  c  cliange  during  the  static  firing  by  using  the  theory  developed 
n  rc V ious 1 V . 

To  monitor  tiie  vertical  Ijending  behavior  of  the  motor,  the  accelerometers 
mounted  in  the  radial  direction  were  selected.  From  Figtire  3,  these  were  AObh, 
.A'm33,  A06?,  .3065,  A069  ,  which  enable  us  to  Identify  the  bending  modes  up  to  the 
second  oioler.  T!ie  data  were  first  read  from  tapes  and  tlien  assembled  to  form  the 
matrix  [xj.  Three  different  time  periods  are  chosen.  Namely,  0  to  10  sec.,  50  to 
60  sec. ,  and  110  to  120  sec.  TliS  sample  rate  of  the  uata  were  2000  samples/sec. 
lierefore,  the  size  of  matrix  [x]  was  5  X  20,000  for  vertical  bet.Jing. 

To  form  the  matrix  (yir)),  the  triggering  criterion  is  selected  at  every 
positive  crossing  (from  negative  to  positive)  for  channel  AC34.  Such  selection 
gives  us  approximately  1200  of  averages.  The  results  of  {y(r))  for  Ctiannel  A054 
were  shown  in  Figures  4  through  6  for  three  different  rime  iiitervals  as  mentioned 
earlier.  It  can  be  seen  from  those  figures  tliat  tl>e  frequency  of  y(r)  tiuring  the 
end  of  burn  is  obviously  higher  than  after  Ignition  since  the  decrease  of 
p  r  o  p  e i 1 ant. 

The  modal  frequencies  and  damping  ratios  were  then  computed  using  the  ITD 
m.ethod.  The  modal  frequencies  for  the  first  bending  are  shown  in  Figure  7  for 
three  different  periods  as  mentioned  earlier.  It  can  be  seen  that  the  first 
bending  frequency  is  about  1,8  Hz,  which  is  close  to  the  frequency  before  firing 
(1.86  Hz)  olttalned  from  the  recent  RM-1  modal  survey.  As  time  increases,  the 
fi.eqi.iency  also  increases  due  to  tlie  decrease  of  propellant.  The  damping  ratio 
generally  shows  a  large  variation  by  using  the  ITD  me.tliod.  The  result,  showed  that 
tlio.  damping  ratio  was  between  0.5  and  3  percent. 

Siiiiilar  steps  are  repeated  for  tangential  directions.  The  result,  was  shown  in 
Figure  8.  The  first  tangential  frequency  is  about  1.9  Hz,  which  is  close  to  tlie 
irerp.iency  before  firing  (1.9  iiz)  obtained  Lrom  ti\e  recent  RM-1  modal  survey. 


COiiCI.USlONS 


'!hf  f(jl  lowing  conclusions  can  he  drawn  in  accordance  with  the  above  analysL-.s 


;•  in  !  i  .'.;r  1  iceiiaiit  re.spon.se.s  can  be  computed  usiitg  quas  i  -  .s  t  a  t  i  c  .inilvn.i.s 
i  Fwr,  c(>ir;)onent  re.sjtonses  must  be  analyzed  dynami  (nal  1  y  . 

in  .Mionse  '  i  .me  lii.stories  show  that  the  SRM  rcuqiond.s  non  -  .s  t  a  t  i  ona  r  i  1  v  d  n  i  i  y, 
nuii.  The  I'e  fore  ,  analyses  were  performed  h,y  selecting  small  interval  d.,n,  a 
T  inFmi  ha  r  ar  t  e  r  i  .s  t  i  c  a  of  the.  SRM,  especially'  the  prripi  i  1  .an  ;  ,  wa.-r" 

I'd.  Tbe  ’  11,'.  1  1  ns  i  fui  ot  those  random  charac  t  e  r  i  ,s  t  i  c  s  would  Ve.sn't  in  the 
■  i  ,  y  1  . 1 '  (.-me:  1 1.  r'cs-pon.se  vector  (u)  being  nonzero  '  I2j.  In  .such  r  ese,  l!a 
■■  '-a-inst  tie  el  iminated. 

■  ■  t 'a  a'  ions  of  the  a  e  c  e  1  ir  r  oir.e  t  e  r  We.  re  far  iipart  ,  it  Wo  1 1  d  e.nis<  tla 
in  d.  I  IS,  ,1.  ^■r;;.l,I;ae  I -/ 1  r  )  )  to  ii.i'.'e  an  ill  eoudjt  ion.  lln  ).  ,i  .on  is  t!;..’ 


the  cross  correlation  is  small  if  two  responses  are  far  apart.  Such  ill  condition 
causes  the  tangential  bending  frequency  to  have  large  error. 
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Algorithms  for  the  analysis  and  control 
of  linear  dynamic  systems  are  relatively  well 
developed.  For  nonlinear  systems  similar 
algorithms  are  in  a  relatively  primitive  state 
of  development.  This  paper  reviews  the  current 
state-of-the-art  of  nonlinear  analysis  in 
several  major  areas  of  research,  including 
state  space  modelling,  force  surface  mapping, 
and  higher  order  spectral  estimation. 
Applications  of  these  techniques  are 
illustrated,  and  suggestions  are  made  for 
future  work . 


INTRODUCTION 

The  theory  and  experimental  application  of  vibration 
testing  concepts  is  well  developed  for  linear  dynamic  systems. 
While  systems  that  are  approximately  linear  are  extremely  common 
in  vibration  testing,  a  significant  percentage  of  the  systems 
tested  exhibit  nonlinear  characteristics.  Methods  for  the 
characterization,  analysis,  and  control  of  nonlinear  systems 
have  been  developed  to  a  limited  degree.  Nonlinear  systems 
have  a  rich  spectrum  of  response  characteristics  which  show- 
fundamental  differences  from  those  of  linear  systems.  Such 
characteristics  may  offer  potential  design  advantages.  In  this 
paper  we  summarize  fundamental  cha r ac t e r i s t i c s  of  nonlinear 
systems  which  differ  significantly  from  those  of  linear  systems, 
define  some  analytical  and  experimental  methods  of  dealing  with 
nonlinearity  in  the  types  of  dynamic  systems  often  encountered 
in  vibrations,  and  illusf^ate  the  application  of  several  of 
these  techniques  with  examples  of  current  experimental  and 
analytical  work.  We  conclude  by  suggesting  directions  for 
future  re-earch. 

FUNDAMENTAL  SOURCES  AND  TYPES  OF  NONLINEARITY 

^ionlinear  behavior  of  dynamic  systems  arises  in  a  variety 
of  ways.  One  common  source  of  nonlinearity  is  nonlinear  material 
pro[)crties.  Geometric  nonlinearities  also  occur,  where  the 


nonlinearity  is  due  to  geometric  properties  such  as  Large 
deflections.  An  attempt  has  been  made  to  classify  nonlinear 
systems  based  on  the  relationship  between  force  and 
displacement.  In  a  linear  system  the  restoring  force  is 
proportional  to  displacement.  In  nonlinear  systems  restoring 
force  is  not  strictly  proportional  to  displacement. 
Nonproportional  restoring  forces  may  be  caused  by  nonlinear 
damping  or  nonlinear  stiffness  terms.  The  nonlinear  stiffness 
terras  may  be  elastic  or  plastic.  In  a  nonlinear  elastic  system 
the  force-displacement  characteristic  follows  the  same  path 
whether  loading  or  unloading.  In  a  plastic,  or  hysteretic, 
system,  the  force-displacement  characteristics  differ  depending 
on  whether  loading  or  unloading  is  in  process.  Typical  force- 
displacement  relationships  for  linear,  no'-linear  elastic 
hardening,  and  nonlinear  plastic  (hysteretic)  systems  are  shown 
in  Figure  1.  Gaps  between  parts  of  a  dynamic  system  may  cause 
nearly  instantaneous  changes  in  stiffness  as  the  gaps  open  and 
close  ( F i gur  e  Id). 


c)  hysteretic  id)  Gao  or  Deao  Zone 

Figure  1 

Ivpical  Force-Displacement  Character  1 
ol  Linear  and  Nonlinear  Systems. 


Nonlinear  behavior  mav  also  arise  because  of  relative 
:noveraencs  between  parts  of  a  system  combined  with  friction  as  in 
the  case  of  sliding  interfaces  or  slippage  at  bolted  joints. 

Friction  produces  nonlinear  behavior  in  a  manner  similar  to  chat 
ror  a  hvsteretic  svstem.  Nonlinear  damping  occurs  in  a  variety 
of  contexts  and  the  severity  of  its  effects  varies  from  systems 
with  mildly  nonproportional  damping  to  systems  with  negative 
damping  as  described  for  a  second  order  system  by  the  Van  der 
Pol  equation  ;12]. 

FUNDAMENTAL  PROPERTIES  OF  NONLINEAR  SYSTEMS 

A  number  of  the  basic  properties  of  nonlinear  systems  differ 
fundamentally  from  chose  of  linear  systems  [1].  Some  of  the 
major  characteristics  of  nonlinear  systems,  in  comparison  to 
those  of  linear  systems  are  summarized  in  Table  1; 

Table  1 

Some  Fundamental  Characteristics  of  Linear 
3.nd.  Nonlinsar 

LinearSysteras  NonlinearSystems 

Described  by  ordinary  or  partial  Described  by  ordinary  or 

differencial  equations  with  constant  partial  d^ffeLential  equations 
or  time  varying  coefficients.  whose  coefficients  are 

functions  of  the  independent 
or  dependent  variables. 

Described  by  nonlinear 
difference  equations 
whose  coefficients  are 
functions  of  the  dependent 
or  independent  variables. 

Steady  state  sinusoidal  excitation  Sinusoidal  excitation  does  not 

implies  sinusoidal  response  at  the  imply  sinusoidal  response 

at  the  excitation  frequency. 

The  response  at  a  frequency  fj^  is  The  response  at  frequency  fj^  is 

is  caused  by  the  input  at  frequency  caused  both  by  inputs  at  f^ 

fp-  and  at  frequencies  other  than 

fl- 

Superposition  holds,  l.e,,  if  the  Superposition  does  not  hold, 

response  due  to  an  input  I  is  the  response  due  to  I^  +  I2 

R|  and  the  response  due  to  a  may  drastically  differ  from 

second  Input  I2  is  R2  Chen  R^  +  R2. 

the  response  due  to  both  I^ 
and  T  2  Is  R  i  .R .-)  . 

Spf^ftral  response  peaks  occur  at  Spectral  response  peaks  occur 

resfjnant  frequencies.  in  conjunction  with  limit 

cycles . 


Described  by  linear  difference 
equations  with  constant  or  time 
varying  coefficients. 


Analysis  of  '/stems  defined  by  linear  differential  or 
difference  equations  is  well  developed  [13] .  In  contrast 
nonlinear  differential  or  difference  equations  cannot  generally 
be  solved  in  closed  form.  Consequently  numerical  solution 
techniques  are  applied  to  yield  estimates  of  the  response.  One 
of  the  most  basic  results  of  numerical  analysis,  and  of 
experimental  work,  is  the  familiar  form  of  the  response  of  a 
mildly  nonlinear  system  excited  by  a  sine  wave  shown  in  Figure 
2.  Here  the  system  response  is  primarily  composed  of  the 
fundamental  and  the  third  harmonic  of  the  excitation  signal. 
Harmonic  distortion  is  a  common  result  of  nonlinearity  but  the 
response  of  nonlinear  systems  is  not  limited  to  harmonic 
distortion.  Subharmonics  of  the  excitation  may  occur,  as  with 
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Figure  3 

Response  Time  History  of  a  Chaotic  System 
to  a  Sinusoidal  Input. 

The  harmonic  generating  properties  of  nonlinear  systems  have 
led  to  time  domain  representations  such  as  the  Volterra  and 
Weiner  series  [14]  ana  to  multidimensional  frequency  domain 
representations  like  the  bispectrum  [4]  ,  Volterra  Functions,  or 

Harmonic  Generating  Transfer  Functions  [3] .  All  of  these 
techniques  quantify  the  amount  of  spectral  energy  transferred 
from  an  input  frequency  to  a  response  frequency.  As  illustrated 
in  Figure  4,  for  a  linear  system,  at  a  given  frequency,  the 
response  and  input  are  related  by  the  expression; 

R.  =  X.  (1) 


For  a  nonlinear  system,  the  response  and  input  are  related 
through  expressions  of  the  form: 


iiere  X  is  rhe  Lr.  put  frequency  e.  nd  R  is  'he  response 

rrequencv.  For  the  nonlinear  system  the  magnitude  and  phase  of 

the  response  frequency  is  represented  as  a  summation  of 
.'ontributions  from  ir.  any  input  frequencies.  Typically  Volterra 
s  V  s  t  e  m  s  are  based  on  an  expansion  of  the  .systems  stiffness  in  ,:i 
polynomial  form.  When  this  form  of  stiffness  is  transformed 
into  the  frequency  domain  it  results  in  a  convolution  of  Fourier 
Trans  tor ms  la’.  For  a  Volterra  system,  the  response  at  R  is 

caused  by  .sets  of  input  frequencies  vhose  sum  equals  the 
response  frequency.  In  a  harmonic  generating  transfer  function 
iHGTl)  model  the  response  at  a  given  frequency  may  be  caused  by 
any  (’ombi  nation  of  input  frequencies,  without  restriction.  .At 
this  time  no  clear  proofs  are  available  to  distinguish  between 
cases  where  one  or  the  other  model  is  to  be  preferred. 
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Figure  4 

i  rfc'iu'.’ncc'  '  ,eni!r,'it  inc  i.liaracter  i  st  ics  oi 
Linear  and  '.'oniinear  tvstems. 


One  of  cha  most  subtle  features  of  nonlinear  systems  is  the 
failure  of  superposition.  Whenever  analysis  of  a  nonlinear 
svstem  is  attempted,  care  is  required  to  avoid  inadvertent  use 
of  the  principle  of  superpositon.  It  is  very  natural  (and 
incorrect;  to  implv  that  the  response  of  a  nonlinear  system  *"0  a 
combined  excitation  at  10  Hz.  and  30  Hz.  is  the  sum  of  the 
responses  of  the  svstem  to  the  individual  applications  of  the 
inputs  at  these  frequencies. 

Resonances  occur  in  a  linear  system.  In  a  nonlinear  system 
resonant  behavior  mav  occur,  but  in  addition,  a  phenomena  known 
as  a  limit  cycle  mav  appear.  A  limit  cycle  is  best  represented 
in  a  state  space  formulation  and  may  occur  at  frequencies  not 
directly  relatea  to  a  ratio  of  mass  and  stiffness. 

INVESTIGATIONS  OF  NONLINEAR  SYSTEMS 

Ob i ectives 

The  general  objectives  of  investigations  into  nonlinear 
behavior  of  systems  are  quite  similar  to  those  for  linear 
systems  and  mav  be  classified  as  follows: 

1.  Characterization-  The  goal  of  svstem  characterization  is  rHe 
classification  a  given  system's  behavior  as  belonging  to  a 
certain  category,  i.e.  ,  nonlinear  elastic  hardening,  plastic 
softening,  etc. 

2.  Modeling  and  Prediction-  Given  a  nonlinear  system  and  its 
response  to  a  certain  class  of  inputs,  the  goals  of  modeling  and 
prediction  require  building  a  conceptual  quantitative  model 
which  describes  the  system,  including  prediction  of  the  systems 
response  to  future  inputs.  Such  modeling  may  also  involve 
determination  of  the  number  of  parameters  necessary  to  optimally 
describe  the  systems  behavior  and  subsequent  calculation  of 
parameter  values. 

3.  Control-  In  vibration  testing  the  control  of  a  nonlinear 
system  implies  synthesis  of  the  input  required  to  produce  a 
given  response  waveshape  or  a  given  response  spectral  density  at 
a  defined  system  response  point. 

Each  of  these  objectives  is  currently  a  topic  of  extensive 
research.  Some  progress  has  been  made  on  each  of  these  three 
problems,  particularly  problems  1  and  2,  but  optimal  methods  of 
approach  are  far  from  clear. 

Methods  of  Modeling  Nonlinear  Systems 

'■umerous  techniques  for  dealing  with  nonlinear  systems  exist.  A 
tummarv  of  these  methods  includes: 


.  Empirical  approaches. 

!.  Modeling  of  rhe  differential  equations. 

3.  Force  State  Mapping. 

1.  Hilbert  Transforms. 

5.  .M  echoes  based  on  state  space  models. 

6.  Spectral  .Methods  based  on  higher  order  frequency  response 
functions  . 


In  empirical  approaches,  we  simply  pick  a  quantative 
representation  of  some  type  of  nonlinearity,  numerically  solve 
the  differential  equationls)  describing  the  systems  behavior, 
and  attempt  to  generalize  the  results  to  some  classes  of  svstems 
driven  bv  certain  forms  of  excitation[6].  Such  methods  may 
provide  useful  insight  but  do  not  in  general  allow  quantiati-.-e 
re.sponse  prediction,  system  modeling,  or  control. 

Determination  of  the  parameters  of  the  differential  equation  is 
currently  a  very  active  field  of  research.  A  form  of  the 
systems  differential  equation  is  assumed  and  various  technique.! 
are  used  to  fit  parameters  Co  the  model[7,8] .  This  approach 
provides  quantiative  information  regarding  the  systems  behavior 
and  may  be  adaptable  to  system  control.  A  disadvantage  is  chat 
^he  form  of  the  differential  equation  or  equations  must  be 
assumed  prior  to  estimation. 

In  force  state  mapping,  system  acceleration  responses  are 
integrated  to  obtain  relative  velocities  and  displacements. 
Restoring  forces  are  plotted  as  a  function  of  velocities  and 
displacements  to  define  surfaces  whose  parameters  define  Che 
systems  damping  and  s t i f f ne s s [ 8 ] .  In  the  author's  opinion  this 
technique  is  approaching  a  viable  model  fo-  many  types  of 
nonlinear  systems.  This  model  may  be  extended  to  provide  system 
response  predictions. 

Hilbert  Transfer ms [9]  rely  on  the  relationship  between  the  real 
and  imaginary  parts  of  a  frequency  response  function  of  a  causal 
system  as  a  means  of  detecting  nonlinearity.  When  Che  transfer 
function  of  a  nonlinear  system  is  determined  using  sinusoidal 
excitation,  a  distortion  occurs  where  energy  is  discarded  at 
points  of  harmonic  generation.  This  distortion  introduces  an 
apparent  noncausality  in  the  impulse  response  function  which  may 
be  detected  through  use  of  Hilbert  Transforms.  The  particular 
form  of  this  distortion  serves  as  the  basis  for  a  classification 
scheme  of  nonlinear  systems. 

Higher  order  frequency  response  functions  have  been  described 
above.  Their  use  potentially  quantifies  the  response  of 
nonlinear  systems  in  the  frequency  domain  and  can  lead  to 
methods  of  response  prediction  and  response  control. 


State  Space  Models  tiave  been  investigated  extensively  in  control 
theoT'v  and  are  currently  a  very  active  field  of  research 
5.15i.  Generally  such  monels  attempt  to  describe  a  systems 
behavior  (whether  linear  or  nonlinear)  as  a  function  of  current 
and  past  inputs  and  past  outputs.  This  is  essentially  a 
difference  equation  formulation.  As  such  they  are  well  adapted 
to  computer  modeling  and  offer  some  promise  for  the  development 
of  prediction  and  control  methods. 


.n  some  sense,  all  of  the  above  methods  are  related,  as  the 
tate  space  models  and  higher  order  frequency  response  functions 
re  derived  from  the  differential  equations  defining  the 
vstem.  Some  specific  examples  of  these  methods  which  are 
urreri.tly  active  fields  of  research  in  the  Dynamic  Testing 
action  at  Los  .Alamos  National  Laboratory  './ill  now  be  described. 


empiric  i  .Methods 

s  an  example  of  an  empirical  method,  consider  a 
;  1  r. 1  e.  -  d  “  g  r  e  e  -  o  f  freedom  system  with  a  bilinear  spring.  The 
iiiierential  equation  describing  such  a  sy.stem  is  of  the  form: 


K(X) 


F(t) 


•where  M  -  the  system  mass. 

C  -  sy.'tem  damping  coefficient. 
K(x)  =■  the  restoring  force  matrix 
F(t'  the  applied  force. 


f unc  t  i  on  of  X . 


in  the  bilinear  case,  as  defined  in  this  paper,  the  restoring 
force  ;.  n  tension  differs  from  that  in  compression.  A  typical 
restoring  force-displacement  curve  for  a  bilinear  spring  is 
.afiown  in  rigure  5  'where,  C  ’  define.s  the  ratio  of  restoring  force 
in  tension  Co  that  in  compression. 


in  compression. 


r'ure-u  sc  ac8fTi*»nT  Peiarions-.-D  ‘cr  a  B^nnsar  Sennq  . 


S  L  ii'.  i  1  a  r  s  c  u  a  i  e  s  ii  a  v  e  bee  n  made  o  n  s  v  s  t  e  m  s  v.-  i  r  h  :  i  s  c  o  r  e  c  i  c 
■  h  a  r  a  c  c  e  r  i  s  C  i  c  s  .  Some  limited  conclusions  inav  he  drawn  trom 

these  t  V  p  e  s  of  studies  [  6 i  ,  including; 

Time  h.  i  s  t  o  i' '/  c  c  e  I  e  r  a  t  i  o  n  responses  o  f  s  v  stems  with  gaps  m.  a 
s  h,  o  w  large,  s  e  e  m  i  n,  g  1  7  unpredictable  acceleration  spikes. 

F  r  e  q  u  e  n  c  V  response  functions  of  such  systems  C  v  p  i  c  a  1  1 y  exhibit 
i  o  b  e  d  .1  p  p  e  a  r  a  n  c  e  . 

i.  -ivsteretic  sv  stems  typically  show  a  nonproportionality  in  t 
Fourier  transform,  of  the  systems  impulse  response  function  in 
wnich  increasing  the  input  does  not  produce  a  corresponding 
increase  in  the  output. 

3.  in  3ilinear  Systems  all  modes  of  the  system  are  affected  as 
the  nil  inear  spring  switches  from  tension  to  com.  pression. 

i  e  r  t  a  i  n  I  V  such  phenomena  as  shifts  in  resonant  f  r  e  q  u  e  n  c  ■/  with 
;  n  t  u  t  force  1 e  y  e i  and  n  o  n  p  r  o  p  o  r  t i o  n  a  1  increase  in  response  wit 
input  f  o  ^  c  e  are  common  in  vibration  testing  .i  n  d  a  re  t  v  p  i  c  a  i  1 
.1  t  t  r  i  h  u  t  e  d  to  s  o  m.  e  t,  o  r  m  of  n  o  n  L  i  n  e  a  r  i  t  i  e  s  s  u  c  h  a  s  “  h  o  s  e  note  d 
.a  b  o  e  . 

n  other  empirical  technique  is  based  on  observation  of  the 
probability  density  function  of  the  response  of  a  nonlinear 
system  excited  bv  broadband,  Gaussian  random  noise.  For  a 
linear  system  the  response  probability  density  must  also  be 
ilaussian  but  a  nonlinear  system  will  produce  non-Gaussian 
responses.  .Xn  example  of  a  non-Gaussian  probability  density 
function  produced  by  a  hysteretic  system  is  shown  in  Figure  9 
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F  o  !'  i>  S  t  a  t  e  M  a  p  p  in  p 

In.  force  state  mappinp,  the  system  restoring  force  is  plotted  in 
r,  i'.rc'e  dimensional  space  as  a  function  of  velocity  and  displace- 
e  T  i.I  o  n  s  i  d  e  r  the  differential  equation  of  a  second  order 

s  .s  t  <-'■  in  ! 


M  Y "  4  C  Y  ’  +  K  Y  =  F  (  t ) 

d  i  Ti  g  !j  V  M  a  n  d  solving  for  F  (  t )  /  M  yields 


M  *  M 


(^  ) 


(5) 


I-' !  t  !  =  force  applied  to  the  system. 

.'■1  -  .s  V  s  t  e  rr,  m  ass, 
f '  =  system  damping. 

V"=  response  acceleration. 

-  response  velocity. 

■f  =  di.s  place  ntent  response. 

.Measurement  of  signals  proportional  to  F(t)  and  Y""  is  done 
'.jsing  appropriate  transducers.  Then  Y"  is  integrated  to 
flee  ermine  Y'  and  Y.  A  plot  of  the  restoring  force  F/M  -Y " 
versus  Y''  and  Y’  defines  a  surface  in  three  dimensional  space, 
r'or  a  linear  system  this  surface  will  be  a  plane  as  shown  in 
Figure  lOA.  Various  nonplanar  surface  shapes  will  occur  for 
nonlinear  systems.  The  surface  for  a  cubic  stiffening  system  is 
s  fi  o  w  n  in  Figure  1  0  B  . 


-\  "  a  r  a  ;ii  e  L  r  ;  c  o  li  e  I  h  a  s  e  ci  on  the  restoring  s  u  r  I  a  c  e  tec  it  n  i  q  u  e 

:  i  t  a  :  it  e  g  a  r  a  met  e  r  s  •-■)  f  a  s  u  r  f  a  c  e  to  the  experimental!  '/ 
a  e  r  e  r  It  i  r.  e  d  s  u  r  r  a  c  e  plot.  In  Figure  lOB  a  general  cubic  surface 
i  i  ,4nd  '  't.  a  s  i.<  e  e  n  fitted  to  the  measured  data.  The  actual 

r  e  s  t  o  r  i  n  p  :  o  r  c  e  and  :  n  e  r  e  s  t  o  r  i  n  g  t  o  r  .'t  e  p  r  e  a  i  c  t  c  d  t  r  o  ra  t  h  e 
;  u  r  fit  ;  r  shown  in  Figure  1 0  B  where  the  points  represent 

:ii  pit  iced  .r.  easured  data  ^md  the  surface  grid  is  defined  the 

pitted  parametric  s  i.i  r  f  a  c  e  .  Once  the  parameters  for  the 
i  i f : e  r  e  n  t i a  L  equation  have  been  determined  the  equation 
mav  i)e  solved  numerically  to  determine  a  predicted  system 
response.  Potentially,  this  method  can  lead  to 
r.  a  racteri  cation,  response  prediction,  and  control  of  some 
classes  of  nonlinear  systems.  Problems  In  the  formulation  that 
neeci  to  be  addressed  include  determination  of  the  mass 
associated  with  the  Y"  term,  estimating  parameters  for 
muiti-'tiegree  - of -  freedom  systems,  and  determining  the  number  of 
q  u  a  t  i  o  n  s  w  h  i  c  n  optimally  describe  a  given  test  system.  Another 
problem  is  the  difficulty  of  measuring  angular  acceleration  in 
test  environments  and  the  potential  effects  on  the  form  o  f  “ h e 
'■  i  1  f  e  r  e  rt  t  i  a  1  equations  caused  by  the  lack  of  angular 
. ;  c  k'  0  1  f  •  r  a  c  I  o  n  c  c  r  rn  s  . 

A  ’/ariant  of  Force  State  Mapping  developed  by  one  of  the 
atithors  iEndebrockf  uses  sampled  adjacent  time  points  to 
determine  the  local  mass,  stiffness,  and  damping  associated  with 
points  in  a  given  time  region.  This  is  similar  to  measuring  the 
local  slope  of  the  surface.  This  cype  of  measurement  relies  on 
differences  between  point  values  in  a  local  region  as  does  the 
difference  equation  technique. 

State  Space  and  Difference  Equation  Models 

In  one  formulation  of  state  space  modeling  the  system  is 
represented  by  an  input-output  difference  equation  model  of  the 
Form, 

~  ^  A  *  =  ^  .  u  (  r  -  t  )  -ra  u  ( t-2t.  )  .  -  a  u  ( *;  -  i'  n  - 1 )  t  )  ^ 

(  6  ) 

-  ^ - 1  )  *•  b_.y  it-2t  >  +  .  .  .  -i-b_  ( t  -me  , ) 

for  .i  linear  system  or, 

(7) 

•p  (  t  ;  T  be  ( t )  ,  A  1  T---  u  (t  -  (n-1)  t  j  ,  y  it-t  j  ;p  (f-rct  i  : 

for  a  general  system.  The  u's  represent  current  and  past  svstem 
input.s  .separated  by  a  sampling  interval  ts  and  the  y's  represent 
'  ■  1  r  r  p,  t  and  past  svstem  responses.  Such  systems  l  i  a  v  e  i  .'  e  e  n 
■;  r  c;  ri  i  f.  d  V  t  e  n  s  i  v  e  1  ■/  '  1.  5  ,  1  1  .  1  6  .  .1  1  . 


- r  h  e  _■  a  s  e  or  a  Linear'  s  v  s  L  e  m  the  a  '  s  and  b  '  s  are 
ronstanrs.  For  time  •-•arylng  systems  the  a's  and  b's  are 
:unctions  of  time  and  for  nonlinear  systems  they  are  functions 
>■  '  s  ■  For  linear  systems  measured  data  may  be 
;sea  to  tormuiatc  a  system  of  equations  based  on  responses  v  as 
1  tunecion  of  current  and  past  inputs  u  and  past  outputs  v,' 
'i-nguiar  •/alue  a  e  c  o  mp  o  s  I  t  i  o  n  or  orthogonal  regression  are’  then 
‘sea  to  oroduce  a  mean  square  solution  for  the  a's  and  b's  The 
■esuitanc  coefficients,  along  with  the  input,  form  a  parametric 
vstem  model  wnich  can  be  used  to  predict  the  system  response  to 
.  general  input.  An  example  of  a  predicted  and  measured  output 
he  acceleration  response  of  an  aluminum  beam  excited  bv 


o  r 


andora  nois 


1  s 


shown  in  Figure  11.  This 


is  a  linear  svstem 


;  transform  techniques  may  be  used  to  determine  the  system 
requenev  response  function  (transfer  function)  from  the 
oerrictents  ot  this  form  of  parametric  model[10i. 


Time 

Figure  11 

Predicted  .... 
Measured  ■■  — 

Predicted  and  Measured  Response  Time  Histories 
)f  ,in  .iluminun  Ream  Fxcited  bv  Random  Noise. 


For  :i  nonlinear  system  numerous  functions  may  be  used  as 
trial  functional  forms.  Polynomial  functions  are  one  obvious 
: h  o i c  e  where  the  output  is  represented  as  a  truncated  power 
i  t-  r  1  c  .s  in  the  u  '  ,s  and  v  '  s  ■  1 0  1  .  Rational  or  orthogonal 
ti  o  n  o  it  i  a  1  s  it  a  v  also  be  u  s  e  d  •'  1  1  ,  5  ]  .  A  1  t  e  r  n  a  t  1  v  e  1  v  local  fits 

av  he  preformed  in  regions  of  the  space  defined  by  various 
ranges  of  the  u’s  and  v's  to  allow  more  variety  of  functional 
torrri  'han  is  possible  using  a  predefined  global  functioniS], 

In  ail  of  these  methods  there  is  the  possibility  of 
predicting  the  output  of  the  system  due  to  a  new  input  provided 
that  the  :  requeue and  amplitude  range  of  the  test  input  is 
chosen  in  a  manner  which  properly  exercises  the  svstem.  The 
control  problem  is  much  more  difficult.  In  principle  for  some 
systems,  solution  of  a  polynomial  equation  for  the  r'urront  input 
tould  be  sufficient  to  allow  control  over  a  limited 
amplitude  and  frequency  range. 

•r  e  t  r.  o  d  s  Based  on  Higher  Order  Spectra 


Higher  Order  Spectra  are,  as  noted  above,  based  on  a 
relationship  between  an  input  at  a  frequency  fl  and  response  at 
a  frequency  f2.  In  general  a  response  spectrum  can  be  described 

Ci  S  ! 
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Z  :<(ki)X(<2) 
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X  (kl)  X  (k;2)  X  (k3) 


where:  Y(k)  =■  system  spectral  response  at  frequency  index  k. 

H  -  system  transfer  function  of  order  i. 

'-<(k)-  system  spectral  input  at  frequency  index  k. 


For  a  linear  system  the  response  at  frequency  index  k  is  caused 
by  the  input  at  frequency  index  k.  For  nonlinear  systems 
progressively  more  complex  representations  of  the  frequency 
response  are  represented  by  transfer  functions  where  the 

response  at  frequency  index  k  is  caused  by  r  inputs  at 
frequencies  kl,  k2,  ...  kr.  For  an  HGTF  model  [3]  any 

combination  of  input  frequencies  may  transfer  energy  to  the 
response  frequency  whereas  in  a  volterra  model  the  input 
frequencies  must  sum  to  equal  the  response  frequency.  The 
H*^'s  may  be  determined  through  either  time  or  frequency  domain 
estimation  procedures[10,lll  . 


Use  of  higher  order  spectra  and  transfer  functions  form  a 
natural  extension  of  the  widely  used  Fourier  methods  used  in  the 
'tnaly.sis  of  linear  systems.  However  the  estimation  procedures 
ire  considerably  more  complex  and  a  relatively  large  number  of 
parameters  mav  be  required  to  define  the  transfer  functions, 
■specially  for  transfer  functions  exceeding  third  order.  Tlie 
:'iethod  is  potentially  adaptable  to  both  characterization  and 
'ontroi  of  nonlinear  systems.  In  fact,  controlling  the  spectral 
'iensitv  of  the  ■'esponse  of  a  nonlinear  vstem  mav  well  prove  to 


be  more  tractable  than  controlling  the  I'esponse  time  history  of 
such  a  s  s  t  e  m  . 

'  o  n  c  1  u  s  i  o  rr  s  and  Summary 

It  is  clear  that  the  analysis  of  nonlinear  systems  is  in  a  state 
much  more  primitiye  than  the  analysis  of  linear  systems.  From 
our  investigations  of  the  literature  and  our  experimental 
research  we  submit  the  following  conclusions: 

1.  Superposition  is  not  valid  for  nonlinear  systems. 

5.  The  specific  types  of  responses  produced  by  nonlinear  systems 
strongly  depend  on  the  type  of  nonlinearity  involved. 

3.  Nonlinear  systoms  are  frequency  creative. 

+  .  Nonlinear  systems  may  exhibit  chaotic  respons-.s. 

r,  Saussian  Input  i.m  plies  Gaussian  resoonse  for  a  Linear  System. 
.■\  r;  on  I  inear  system  excited  by  Gaussian  noise  will  generally  not 
produce  Gaussian  responses. 

6.  The  determination  of  Che  existence/and  or  degree  of  system 
nonlinearity  should  be  made  on  the  basis  of  inputs  at  several 
different  levels.  Specific  tests  for  nonlinearity  may  be  made 
based  on  statistical  properties  of  the  input  and  response.  A 
single  frequency  response  function  is  not  a  good  method  of 
determining  system  linearity  or  nonlinearity. 

7.  Methods  of  analyzing  nonlinear  systems  include  higher  order 
spectral  methods,  difference  equation  formulations,  and  force 
state  mapping. 

In  summary,  if  one  suspects  nonlinear  responses,  it  is 
relatively  easy  to  verify  nonlinear  behavior.  Some  methods 
exist  for  source  identification  and  parametric  modeling  of 
nonlinear  vibration  systems.  To  our  knowledge  no  extensive 
formulation  and  application  of  control  methods  to  nonlinear 
vibration  systems  has  been  made. 


Figure  Titles: 


Figure  i;  Typical  Fo r c e - D i s p 1  a c e me n t  Characteristics  of 
Linear  and  Nonlinear  Systems. 

Figure  2:  Response  Time  History  of  a  Nonlinear  System 

Excited  by  a  Sinusoidal  Input. 

Figure  3;  Response  Time  History  of  a  Chaotic  System  to  a 
Sinusoidal  Input. 

Figure  4:  Frequency  Generating  Characteristics  of  Linear  and 

Nonlinear  Systems. 

Figure  5:  Fo r c e - D i s p  1  ac eme n t  Relationship  for  a  Bilinear 

Spring . 

Figure  6:  Time  History  Responses  of  a 

Multi-Degree-of-Freedom  System  with  a  Bilinear  Spring  Excited 
by  a-Force  Impulse. 

Figure  7;  Frequency  Response  Functions  for  a  Bilinear 
System. 

Figure  8(a):  Impulse  Response  Time  History  of  a  System  with 
a  Dead  Zone.  8(b):  Frequency  Response  Function  of  a  System 
with  a  Dead  Zone. 

Figure  9;  Probability  Density  Function  of  the  Acceleration 
Response  of  a  Hysteretic  System  Excited  by  Gaussian  Random 
Noise  . 

Figure  10(a):  Restoring  Force  Surface  for  a  Linear  System. 

10(b):  Restoring  Force  Surface  for  a  System  with  a  Cubic 

Stiffness  Characteristic. 

Figure  11:  Predicted  and  Measured  Response  Time  Histories  of 

an  Aluminum  Beam  Excited  by  Random  Noise. 

38R 


References 


R  e  p  o  r  r  s 


1.  Tom  lip.  son,  G.R.  ,  Detection,  Identification,  and 
Quantification  of  Nonlinearity  in  Modal  Analysis  -  A  Review. 
Proceeding  of  the  +th  International  Modal  Analysis 
Contcrence,  1984. 

2.  irutchfield,  J.P.,  Farmer,  J.  D.,  and  Packard,  N.  H.,  and 
Shaw,  R,  S.,  "Chaos",  Scient.ific  American,  254(12)  :46-57, 

1  9  8  6. 

3.  Pae.  z,  Thomas  J.,  "Nonlinear  Structural  System  Modeling", 
Proceedings  of  the  SDM,  1987. 

4.  Choi.  D.  W.,  Bispectral  Identificatioii  of  Non-linear  Mode 
Interactions,  Proceedings  of  the  First  International  .Modal 
.Anal '/SIS  Conference,  1983. 

5.  Farmer,  J.D.  and  SidorowLcb,  John  J.  "Exploiting  Chaos  to 
Predict  the  Future  and  Reduce  Noise",  LA  -  UR  -  8 8  -  9 0  1  . 

Los  .Alamos  National  Laboratory  Report,  1988. 

6.  Hunter,  Norman  F.,  Jr.  ".An  Investigation  of  the  Time 
Histor-/  and  Modal  Responses  of  Some  Typical  Linear  and 
Nonlinear  Systems",  Proceedings  of  the  Third  International 
.Modal  .Analysis  Conference,  1985. 

7.  Hammond,  J.K.,  Yar,  M.,  Lo,  H.R.,  "The  Analysis  of 
Hysteretic  Systems  with  Reference  to  a  Particular  Model  , 
Proceedings  of  the  4ch  International  Modal  Analysis 
Conference,  1936. 

8.  Tomlinson,  G,R.  and  Worden,  K.,  "Developments  in  Force 
State  .Mapping  for  Nonlinear  Systems",  Proceedings  of  the  6th 
International  Modal  Analysis  Conference,  1988. 

9.  Tomlinson,  G.R.,  "Using  the  Hflbert  Transform  with  Linear 
and  Non-Linear  Multi-. Mode  Systems",  Proceedings  of  the  3rd 
International  Medal  Analysis  Conference,  1985. 

10.  31]. lings,  S.A.,  T'.  an  g,  K.M.,  and  Tomlinson,  G.R., 

"Application  of  the  Narmax  Method  to  Frequer.  :y  Response 
Function  Estimation",  Proceedings  of  the  6th  International 
.Modal  Analysis  Conference,  1988. 

11.  Paez,  Thomas  J.,  and  Hunter,  Norman  F.  Jr.  "Experimental 
Identification  of  Nonlinear  Structural  Models",  Proceedings 
of  the  6th  International  Modal  Analysis  Conference,  1988. 

.3  o  o  it  .s 


12.  Chaotic  / i b  r  a  t i o  n  s  ,  Moon. 


Company ,  1975. 


14.  Schc-tzen,  Martin,  The  Volterra  and  Weiner  Theories  of 
Nonlinear  Systems ,  Wylie,  1980. 

15.  Eykhoff,  System  Identification.  Parameter  and  State 
Estimation ,  Wylie,  1974. 

16.  Stearns,  Samuel  D. ,  and  David,  Ruth,  Aleorithms  for 

Digital  Signal  Analysis.  P r e n t  i  c e - H a  1 1 ,  1988. 

17.  Sontag,  E.D.,  Polynomial  Response  .Maps,  Lecture  Notes  in 
Control  and  Information  Sciences ,  Springer  Verlaj,  Berlin, 

1  9  7  9  . 


.',00 


